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Absorption Spectra in the Detection of Chemical 
Changes in Cellulose and Cellulose Derivatives * 


By John W. Rowen, Charles M. Hunt, and Earle K. Plyler 


The spectral absorption of thin fiims of cellulose acetate, regenerated cellulose, the acetate 
and regenerated cellulose after oxidation with nitrogen dioxide gas, and the regenerated cellu- 
lose after oxidation with periodic acid followed by chlorous acid, are recorded for the infrared 
from 2 to 15 microns and the ultraviolet from 215 to 400 millimicrons. The regenerated cellu- 
lose absorbed ultraviolet radiant energy only at the short wavelength end of the region studied, 
and there the transmittance of a film 2.8 micons thick was only slightly reduced. The acetate 
and oxidized celluloses absorbed in this region to a greater extent but gave no narrow absorp- 
tion bands. Marked changes were observed in some of the absorption bands in the infrared 
region in going from cellulose acetate to regenerated cellulose and to their oxidation products. 
These changes were correlated with changes in the OH, CO, and COOH groups. The results 
indicate the possibility of estimating the amount of these groups present by spectral absorption 


measurements 


I. Introduction Cellulose is relatively unstable, and some of the 


4 e ° j cages betwee Oo s “or me , oy " 
Present-day theories regarding the chemistry linkages between atoms are ruptured, for exampk 


wid structure of cellulose, its derivatives and deg- 
adation products have been extensively studied 


when cellulose is exposed to light, heat, or chemical 
agents. Shorter chains and additional end groups 


may be formed. When exposed to extreme con- 


and reviewed by several writers [1, 2, 3, 4, 5, 6] 
However, only limited use of spectrometric meas- 
rements as a means of following the modification 
f cellulose by various treatments has been re- 
ported [7, 8, 9, 10]. This paper contains results 
{the measurement of the absorption spectra of 
cellulose and cellulose acetate before and after 


ditions, cellulose may be degraded to relatively 
simple compounds. 

The groups that are found in cellulose or which 
may be formed as a result of oxidation or cleavage 
include the ketone, aldehyde, hemiacetal, carboxyl, 
and hydroxyl groups. These groups are respon- 


bhemical treatments. sible for characteristic absorption bands in the 


The structural formula generally assigned to spectra of simpler organic compounds. Not only 


llulose is would the bands be expected to be present in the 
absorption spectra of cellulose and cellulose de- 
rivatives, but the magnitude of the absorption 
might be a quantitative measure of the number of 
the groups responsible for the band. 


: , i Chemical methods for the quantitative evalua- 
where NV may take values as high as 4,500. Any I ear 


ample of cellulose is considered to be made up of 
varving proportions of these long-chain molecules, 
lengths of the individual chains depending 
he source of cellulose and its history. The 


tion of the groups in cellulosic materials [5, 15] 
sometimes lead to erroneous results because of 
changes in the cellulose produced by the condi- 
tions to which it is subjected during analysis. The 
' ae spectrophotometric method of analysis probably 

the proportion of the short chains in a | : : 
: would not result in appreciable change. Another 

the greater the number of end groups. . 

aa way in which the spectrophotometric method 

also re ie Research Jo al, Sep 047. : <a . : . ° 
i else in Dente Resasch Jeuraes, Sept. Ie could be useful is in investigating the preferential 


n brackets indicate the literature references at the end of this nt 
attack of reagents on specific parts of the cellulose 
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molecule. For example, the oxidation of the 
secondary alcohol groups on carbon atoms 2 and 
3 of the ring by periodic acid [11, 12] and the 
oxidation of the carbon atom in the 6 position to 
carboxyl by nitrogen dioxide gas [13, 14] could 
perhaps be followed spectrophotometrically. 

The work reported in this paper was undertaken 
with this in mind, 


II. Materials and Methods 


The cellulose used in this study was prepared by 
deacetylation, in an inert nitrogen atmosphere, of 
cellulose acetate. The cellulose acetate was ob- 
tained in the form of yarns; it was first extracted 
with ether, dried, then wet with distilled water 
and dried again to insure complete removal of the 
ether. The acetate was dissolved in redistilled 
acetone and cast into films on a glass plate with a 
Bird film applicator, at room temperature. The 
film was then soaked from the plate with distilled 
water and dried. 


1. Preparation of Cellulose Films 

The films were deacetylated by soaking them 
for 24 hours in a 0.4 \/ alcoholic sodium hydroxide 
solution under an atmosphere of nitrogen. They 
were then washed with alcohol, soaked for 20 
minutes in a 10-percent solution of glacial acetic 
acid in aleohol, again soaked for a half hour in 
water and then air-dried. 


2. Treatment of Films with Nitrogen Dioxide 
(NO,_N,O,) 


Films of cellulose acetate and/or regenerated 
cellulose were suspended at room temperature, in 
Dry nitro- 
gen dioxide was then passed into the chamber. 
The films were left in the nitrogen dioxide atmos- 
phere for 2 hours and then soaked for another 2 
hours in distilled water with three changes of water. 


3. Treatment of Films with Periodic Acid and 
Chlorous Acid 


The films were immersed for 2 hours in a 0.042 
M solution of periodic acid that was buffered with 
sodium acetate at a pH of 4.5. After contact with 
the periodic acid, the films were soaked for an 
additional 2 hours in distilled water and then 
washed three times with fresh distilled water. The 
films were then dried and subsequently transferred 
to a 5-percent solution of sodium chlorite buffered 
to a pH of 2.2 with phosphoric acid. 


a glass chamber that was evacuated. 


They were 
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allowed to remain in this solution for 2 joy» 
The films were then washed for 2 more hours y 
dried. 
4. Measurement of Thickness of Film: 

Thickness measurements were made with 
“Mikrokator” [16] that was checked against st. 
gage blocks calibrated by the Gage Section of \) 
National Bureau of Standards. The standyy 
deviation of five measurements did not exceed 
uw on any spectrometer specimen. Thickness 
tained in this manner with cellulose acetate {ij 
averaged 0.3 uw less than thickness based on weiyl 
area, density calculations. 

5. Measurement of Spectral Absorption in the 

Ultraviolet Region 

The ultraviolet absorption spectrum was mea 
ured with the Beckman model DU quartz spect» 
photometer [17]. The wavelength calibrations « 
the scale of the instrument were found to che 
very well against the known wavelengths of |) 
lines of the hydrogen- and mercury-dischaiy 
tubes. It was observed in the region from aboy 
310 to 400 my that when readings were made e sor 
5 my, ripples appeared in the absorption paticr 
of these cellulosic materials. The amplitude ay 
position of these ripples varied with the orientatiog 
of the sample in the light beam. They were inte 
preted as being caused by optical interferene 
It was possible to orient the film in the beam 
such a position as to virtually eliminate them. 

Figure 1 is based upon measurements made « 
5 my intervals. 

6. Measurement of Spectral Absorption in the 

Infrared Region 

The infrared absorption spectrum was measure 
with a Perkin-Elmer recording infrared spe 
trometer with a sodium chloride prism. This tyy 
of instrument has been previously described |!» 
The instrument was equipped with specially co 
structed gears operated by a synchronous mote 
for changing the wavelength, and another gea 
mechanism for automatically increasing the si! 
width in such a way as to partially compensate | 
the lower energy of the radiation source in () 
longer wavelengths. As the instrument ts 
single-beam spectrometer, the absorption band 
of atmospheric water vapor are superimpo* 


upon the absorption spectrum of the film unde 
The estimation of the 
absorption by the film in this region is therefor 


observation. extent | 
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Figure 1.—-Ultraviolet absorption curves 
Cellulose regenerated from cellulose acetate (film thickness 2.8 4); AB, cellulose treated with periodic acid followed by chlorous acid (film thickness 
# C, ultraviolet absorption curve of cellulose acetate (film thickness 4.1 4); )), cellulose treated with nitrogen dixoide gas (film thickness 3.3 « 


rss precise than in other regions. This uncer- 


ainty has been indicated in the spectra by broken 


III. Results and Discussion 


The infrared and ultraviolet absorption spectra 
i cellulose, in the oxidized and acetylated states 
The infrared 
pectra of these materials have in general many 


re shown in figures | to 6 inclusive. 


nore bands than the ultraviolet absorption 
pectra. The absorption of ultraviolet light by 


he resonance forms of the groups of the cellulose 
nolecule appears to take place in the energy 
egion that is mainly below 200 my and hence in 
he vacuum region (see fig. 1). In order to prop- 
tly evaluate these bands in the ultraviolet region 

appears necessary to measure the absorption 

the vacuum ultraviolet region as has been done 
or some aliphatic fatty acids [19]. 
hat untreated cellulose had much less of a tend- 


It was noted 


ney to absorb short wavelength radiation than 


the modified celluloses as indicated in curve A of 


igure |. Exposure of such films of cellulose to 
host oxidizing agents, and light resulted in an 
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increased absorption of the short wavelengths. 
In many cases the absorbing agent in the cellulose 
created by the treatment was water soluble and 
showed general absorption in water. In this way 
it was occasionally possible to check on the extent 
of oxidation and contamination of the films used 
in this study. 

The groups in cellulose containing oxidized 
carbon gave rise to bands in the infrared region. 
This spectrum was, therefore, more informative 


than the ultraviolet absorption spectrum. The 
striking alteration that accompanies deacetylation 


may be noted by contrasting the curves of figure 2 


and figure 4. The changes in the infrared absorp- 
tion spectrum of cellulose acetate that occur upon 
N.O,) may be 


This oxidizing gas also has 


exposure to nitrogen dioxide (NO, 
seen in figures 2 and 3. 
a marked effect on the absorption spectrum of cel- 
lulose. The effect of a somewhat arbitrary concen- 
tration of periodic acid (followed by chlorous acid) 
on the infrared absorption spectrum of cellulose is 
shown in figure 6. The bands shown in the various 
figures are discussed under the appropriate title as 


follows: 
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FiGuRE 2.—Infrared absorp- 


tion curve of cellulose acetate 
(film thickness 4.1 yp). 








Figure 3,.—ZJ/nfrared absor p- 


tion curve of cellulose acetate 
exposed to nitrogen dioxide 
gas (film thickness 3.3 p). 








Figur’ 4.—Infrared absorp- 
tion curve of regenerate d cellu- 


lose (film thickness 2.8 yw). 








Fieure 5 Infrared absorp- 
tion curve of rege nerated cellu- 
lose exposed to nitrogen di- 


oxide gas film — thickness 
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Figure 6 Infrared absorp- 


tion curve of regenerated cellu- 
lose treated with periodic acid 
followed by chlorous acid (film 
thickness 3.6 pw 
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1. Cellulose Acetate 


As indicated under the experimental part, the 
cellulose acetate was the starting point for the 
regeneration of the cellulose used in the study. 
The infrared absorption spectrum of the original 
cellulose shown in figure 2. This 
spectrum is characterized by several well-defined 
The first band of appreciable intensity 
occurs at 2.84 and is probably related to the 
OH stretching vibration. The band at 3.4y is 
believed to be the familiar band attributed to the 
C—H stretching vibration. The intense band at 
5.7u falls in the general region characteristic of the 


acetate is 


bands. 


ester carbonyl group, and it shows a strong ab- 
sorption in the cellulose acetate film. The band 
at 7.2u is characteristic of the C—-CH, group and 
hence appears in both figures 2 and 3 (untreated 


‘ 


and nitrogen dioxide treated cellulose acetate). 
The intense absorption at 8.1y is also present in 
curves 2 and 3. It is attributed to the 
group, as a band in this general position is always 
These last three 


ester 


observed in the spectra of esters. 
bands also appear in polyvinyl acetate as well as in 
The strong band at 
infrared absorption 


other simpler acetates [20]. 
present in all the 
spectra (figures 2 to 6 inclusive) and is probably 
due to the C 
intense for methyl aleohol and is also found in 
polyvinyl alcohol [20]. 


9.5 Is 


(0 vibration. This vibration is very 


2. Oxidized Cellulose Acetate 


When cellulose acetate is oxidized with nitrogen 
dioxide (N,O,-NO,) two new bands (fig. 3) appear 
in the infrared spectrum. These absorptions take 
place at 6.1 and 7.8 yw. The band at 7.8 yu is evi- 
dent as a bulge in the side of the broad band at 8.1 
u. It will be noted later that these two bands 
correspond closely with the two bands that are 
created when cellulose is treated with nitrogen 
dioxide. Most compounds containing 
carboxyl groups have two strong absorption bands 
at approximately 6.0 and 7.8 uw. The possibility 
that the two bands described above might be due 
to carboxyl groups created by the oxidation of the 
unacetylated number six C—-OH group will be 


organic 


discussed later. 


3. Cellulose 


When cellulose acetate is deacetylated, the 
marked changes that result from this process may 
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be noted by comparing figure 2 with figure 4. (Oy, 
notes that the O-H vibration at 2.8 uv has b con, 
much more intense and at the same time s!}ight\y 
shifted to longer wavelengths. 
group at 5.7 uw, the CH, group at 7.2 and the typica| 
ester band at 8.1 yu are all absent. On the oth» 
hand the C—O band at 9.5 uw has been considerab)y 
broadened. 


‘ye 
Che ester carbony 


4. Cellulose Oxidized With Nitrogen Dioxide 


When the cellulose film is treated (as describ: 
under experimental with  nitrog 
dioxide, certain characteristic changes occur 
the spectrum of cellulose, figure 5. First the Of 
absorption at 2.9 uw, seen in figure 4, is somewha 
decreased in intensity. In addition, three ot}, 
bands appear, the one at 5.7, one at 6.1, and a thi 
The band at 5.7 uw falls in the gener 
O group, and || 
with ¢! 


procedure) 


at 7.8 uw. 
region characteristic of the C 
other bands also 
carboxyl group as indicated under the discuss 

Inthis work, ¢) 
two strong bands at 6.1 and 7.8 w were always 


two are associated 


of oxidized cellulose acetate. 


associated with the oxidized cellulose believed | 
contain carboxyl groups. 


5. Cellulose Treated With Periodic and Chlorous 
Acids 


Exploratory experiments with the effeet of per- 
iodie and chlorous acids on the infrared absor- 
tion spectrum of cellulose have been perform 
Neither of these acids alone or in sequence |i 
nearly so marked an effect on the cellulose as |i: 
nitrogen dioxide. However, a small band show 
in figure 6 at 6.2 w, not present in the spectrum 
the original cellulose, was found in the treat 
cellulose. No definite conclusions can be crav 
concerning the band until more information 
available. 


IV. Relationship Between Spectra 
and Structures 


Cellulose contains over 49 percent of oxyg 
and this oxygen content may be expected to und: 
go a very small but definite increase througho 
the life of the cellulose in the atmosphere. 1 
oxidized cellulose would not be expected to bn 
fact, 0 
would expect the oxidized cellulose to consist 0! 
mixture of many different kinds of oxidized cell 


homogeneous molecular species. In 
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NVEC 
und 


uugho 


ose nolecules. Workers recognizing the com- 
lex: vy of “oxidized” cellulose have attempted to 
tud\ the effect of specific oxidizing agents on the 
wlymer. Kenyon and coworkers have studied 
he oxidation of cellulose by nitrogen dioxide. 
fhey presented evidence [13, 14] that the mode of 
vttack by this agent was highly specific. Their 
vork indicated that the primary alcohol group on 
he number six carbon atom was oxidized to a 
arboxyl group by the oxidizing gas. The work 
ff Jackson and Hudson [11], and Harris et al [12] 
ndicated that periodic acid has a specifie oxidiz- 
These experiments indi- 
ate that this converts the secondary 
cohol groups on carbons 2 and 3 to aldehyde 
soups in accordance with the following scheme: 


ng effect on cellulose. 
agent 


by uf 
H \H 


CH,OH 


H 
o~ 





\s the conditions of the reaction of nitrogen di- 
nxide with cellulose, described under the experi- 
uental part are very similar to those employed 
wv Kenyon et al [13, 14], it is reasonable to sup- 
wse that carboxyl groups were the primary 
woduct of the reaction. Furthermore, as ade- 
juate steps had been taken to remove any un- 
eacted nitrogen dioxide, and as very little if any 
utrocellulose would be formed under the experi- 
nental conditions, it appears reasonable to as- 
the bands present in figure 5 
5.7, 6.1 and 7.8 w) are all manifesta- 
ions of the carboxyl group in the number six 


ume that three 


the ones at 


wSITION, 

Whether or not the intensities of these bands 
end themselves to the quantitative estimation of 
The 
resence of the “carboxyl” bands (5.7, 6.1, and 
Sw) in the spectrum of the treated cellulose 
beetate films (fig. 3) suggests the possibility that 
good number of the primary alcohol groups 
number six position) present in this material are 


arboxyl groups is not known at present. 


ttacked by nitrogen dioxide and converted to 

arboxyl groups. 
The intensification of the O—H band (2.84) in 
igure 4 that accompanies deacetylation is quite 
inking. Presumably each acetyl group (absorp- 
5.7, 7.2, and 8.1) is replaced by a hydroxyl 


1On d.6, 6 
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group in this conversion, and the difference in 
intensities in the two bands (2.8 to 2.9 microns) is 
some measure of the number of OH groups re- 
generated in the process. 

The effect of periodic acid, reported by other 
workers, was not observed in the absorption 
spectra of the treated cellulose in the spectral 
ranges studied. However, it is pointed out that 
these experiments may not have provided the 
optimum conditions for the generation of the 
aldehyde groups on the second and third carbon 
atoms. The weak band at 6.2u in figure 6 is evi- 
dence of some reaction that did take place in these 
preliminary attempts. 

When the cellulose 
cellulose, and when the latter is oxidized to oxy- 
cellulose, certain fundamental aspects of the long 
chain molecular structure remain intact. For 
example, the skeletal ring-chain structure should 
not be profoundly altered during some of the above 
reaction steps. One might, therefore, expect to 
see manifestations of the unchanging portions of 
the molecule in the infrared spectrum. The ab- 
sorption band at 8.6u appears in the spectrum of 
all of the cellulose derivatives examined in this 
study. This band may be a fundamental vibra- 
tion that is associated with the ring skeleton. The 
absorption band at 3.4 also is common to all of 
the spectra, and it is undoubtedly due to the C-H 
stretching vibration that is characteristic of all of 
the compounds. 

This study indicates the possibility of using the 
means of 


acetate is converted to 


infrared absorption spectrum as a 
elucidating the alterations that may be made in the 
cellulose molecule. 


V. Summary 


1. The ultraviolet and infrared absorption spec- 
tra of cellulose, cellulose acetate, and certain oxi- 
dized samples of cellulose have been obtained. 

2. Acetylation and oxidation of cellulose are 
reflected by profound changes in the absorption 
spectra of these materials. 

3. This study indicates the possibility of detect- 
ing and estimating the amounts of such groups as 

H O 
OH, C=O, C=O, and —C 
OH 


in cellulosic materials. 
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Anodic Current Efficiency in the Counterflow 
Electrolysis of Uranyl Chloride Solutions’ 


By Walter J. Hamer 


\nodie current efficiency or the chlorine-oxygen ratio in the electrolysis of aqueous solutions 
of uranyl chloride was determined by a counterflow method.at a temperatuve of 25° C. Because 
of the hydrolysis of dissolved chlorine, measurements were made only after sufficient time had 
elapsed to assure a state of equilibrium. Different concentrations of electrolyte, various elec- 
trode materials, and several current densities were employed to ascertain the effects of such 
changes. 

The standard potentials of the oxygen and chlorine electrodes are such that oxygen should 
be evolved at anodes in the electrolysis of chlorides. However, chlorine is liberated because of 


f 


the relative magnitudes of the oxygen and chlorine overvoltages. The value of overvoltage is 


dependent on the electrode material and the nature of the electrode surface. For urany! chloride 
the current efficiencies increase in the order: magnetite, are carbon, graphite, metallic carbides, 
and the platinum metals. Magnetite, the carbides, are carbon, and graphite erode or pencil 
during electrolysis. Palladium black and platinum black become dispersed in the electrolyte. 
The highest current efficiency obtained was 97 percent, and the data indicated that current 
efficiencies of 100 percent cannot be realized for aqueous solutions of uranyl chloride at 25° C. 


The method is general and may be used in the determination of the current efficiency of many 


electrode processes 


known purity. 
I. Introduction 


Current efficiency is defined as the ratio of the 
number of equivalents of a single electrode prod- 
it to the total possible number of equivalents 
computed by Faraday’s law of electrolysis. Devia- 
tions from Faraday’s law are caused by simultane- 
ous electrode reactions, by the interaction of anodic 
and cathodic products, by the diffusion of anodic 
aud cathodic products from one electrode to 
another so that an electrolytic reversal of electrode 
processes ensues, and by the phenomena of mixed 
leetroly tie and electronic conductance. 

lt is well known that current efficiencies depend 
m the electrode material, the current density, and 
lo lesser extent on the concentration of the elec- 
trolyte and the temperature. It is necessary there- 
lore to determine the current efficiency at several 
conecntrations and obtain the current efficiency at 


The method may also be adapted to the continuous production of gases of 


a definite concentration by interpolation of the 
data. Recently, Brewer, Madorsky, and West- 
haver [1]! deseribed a method of electrolysis in 
which the concentration of the electrolyte is main- 
tained constant throughout the electrolysis. They 
termed their method countercurrent electromigra- 
tion. They used the method for the enrichment 
of the potassium isotopes utilizing the difference 
in the mobilities of the isotopic ions. For a sue- 
cessful application of the method the current effi- 
ciencies of the electrode processes must be known. 
It is the purpose of this paper to show how their 
method may be applied to the determination of 
the current efficiency of an electrode process, and 
how it may be used in the continuous production 
of a gas of known purity. It is illustrated with 
aqueous solutions of uranyl chloride. Any other 


! Figures in brackets indicate the literature references at the end of this 


paper 


nvestigation was sponsored in 1942-43 by the Office of Scientific Research and Development, the National Defense Research Committee, and by 


ttan Project 
ition of the National Bureau of Standards. 
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The information covered in this document will appear in volume VI, division ILI of the Manhattan Project Technical Series, as part 
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chloride, or for that matter many other electro- 
No studies of isotope sepa- 
ration were made because the formation of com- 
plex ions, the solubility of chlorine, and simultane- 
ous electrode reactions introduce undue complica- 


lytes, could be used. 


tions. 
Upon electrolysis of a solution of uranyl chloride, 
the predominant reaction at the anode is 


2 Cl-=Cl,+ 26. (1) 

Simultaneously, however, some oxygen is liberated 
by the reaction 

6 HO 


The current efficiency for the production of 
chlorine, expressed as the chlorine-oxygen ratio in 
the gas liberated at the anode, was determined for 
solutions containing | equivalent of uranyl chloride 
in 60 moles of water (0.902 N; density at 25° C 
1.1286), in 110 moles of water (0.499 N; density 
at 25° C=-1.0739), and in 555.1 moles of water 
(0.1007 N; density at 25° C=1.0071)2  Elee- 
trodes of platinum, platinum black, palladium, 
palladium black, iridium, platinum-iridium alloy, 
magnetite, zirconium carbide, tungsten carbide, 
columbium-tantalum carbide, are carbon, and var- 


4 H,O* +O,+ 4e. (2) 


ious grades of graphite were used at a number of 
current densities. Loss of chlorine from the gas 
mixture by solution and the accompanying hy- 
drolysis reaction ; 


Cl,+H,O=— HCIO+ HC! (3) 


were prevented by electrolyzing for a sufficient 
time to saturate the solution with chlorine before 
the samples of gas generated at the anode were 
taken for analysis 

At the cathode the reaction 


UO; * +4 H,O*t+2e=—Ut" +6 HO (4) 


or some other type reduction occurs. This was 
prevented by isolating the cathode from uranyl 
chloride with hydrochloric acid. The hydro- 
chloric acid formed a boundary with the solution 
of uranyl chloride. 


II. Electrolytic Method and Drop Rates 


When a solution of urany! chloride is electrolyzed 
there is a loss at the anode of tee, * equivalent of 
UOC, per faraday. 


trated solution must be added at the anode at the 


a 
Therefore, a more conecen- 


? Densities of solutions were measured by the Lubricants and Liquid 
Fuels Section of the National Bureau of Standards 
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proper rate to maintain constant composition of 
UO.Cl,. If no HCl had been added at the eat hor, 
there would have been a loss per faraday of (,, 
equivalent of UO,Cl. When HCl is used, as js 
the case, there is a loss per faraday of 1 equiv alen 
of H* ‘ons owing to electrolysis, and a gain becaus 
of transference of tuo; * equivalent of UO; * anda 
loss of te,” equivalent of Cl- ions. 
a solution must be added at the cathode containing 
enough HCI to take care of the loss in HC! an 
enough H,O to maintain constant the concentra. 
tion of UO.Cl,. Also, these solutions must }) 
added at the proper rate. 
Calculations of drop rates follow: If we let 
a=moles of H,O per equivalent weight 0 
UO,CIl, in the cell, 
b=moles of H,O per equivalent weight o/ 
UO.CI, that should be added to th 
anode to maintain a constant composi- 
tion of UO,CI, in the cell=a(i—t,, 
acl, 
d=equivalent weight of UO,Cl, = 170.492, 
¢=molecular weight of H,O= 18.016, 
F =the faraday = 96,500 ampere-seconds, 
the transference number of the CO! ~ io: 
in VO.Ch, 
t., =the transference number of the Cl> ion i 
UO.Ch, 
W'=weight of drop in grams of a solution o! 
UO.Cl, added at the anode, we may 
derive the equation: 


Consequent) 


WF 


amp (d+-aete, ) 


amp-sec 


anodic drop-rate, 
drop 


for the anodic drop-rate when the solution 0! 
UO.Cl, is added at the rate of 1 equivalent 0! 
UO.Cl, per faraday. When UO,Cl, is not adde 
at this rate we have 


a—e Wr amp-sec 
(cteo: ; )( amp (d+ =a) drop 


anodic drop-rat’ 


where ¢=moles of H,O per equivalent weight 0! 
UO,CI, actually added to the cell. 
Similarly, we may obtain the equation: 


Wk amp-sec 


-cathodie drop-rate 
amp(f+aetyo, ©) drop | 
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ion of ior e cathodic drop-rate. Here f=moies of 
‘hodef HCl added to the cell per faraday. 
In table 1 values of the drop-rates are given for 


as kfethe \arious concentrations of UO,CIl, cited in the 


-alen: introduction and for several values of the current. 
Two sets of values that will be discussed later are 


“Aus 
ind a given for the most dilute solution. In these cal- 
. . ore 2e* ‘ 3 vn 
nt] culations values of 0.258, 0.283 and 0.309% were 
ently : , ' 
" ised for the transference number of the UQ; 
tinihg = . . 
| on in solutions having, respectively, the normali- 
ane . _ ; 
ties of 0.902, 0.499, and 0.1007. 
‘nitra- 
st by pox t Drop rates for the addition of UO,Cl, at the 
mode and of HCI at the cathode during the counterflow 
trolysis of uranyl chloride 
t 
ht ol At the anode At the cathode 
eig rop ' ‘ight ) 
ht 0] Current be ie 7 ite Current aane ; — 
» th 
Ipos 1:0 U OoCh in cell: 1:44.5 U OoCh added at anode; 1:15.5 HC] 
vided at cathode 
i’ 
mp g sec drop amp g sec droj 
2 0.3 0. 0469 15.5 03 0. 0241 24.6 
Ons 127 0422 25. 8 
ri 1172 16.6 7 0573 25.0 
Lo 1172 11.6 10 0573 17.6 
'" 
110 U OoC by in cell: 1:78.90 U OoC hy added at anode; 1:31.1 HCI 
vdded at cathode 
on 
“o3 0. 0600 13. ¢ 0 oo O462 21.9 
Ono 5 1108 16.0 5 Ons) 271.0 
a 
W.1 UC OeCh in cell: 1383.5 U OoCh added at anode; L:171.5 
HCl] added at cathode 
te ‘ 0. (481 5 1 0. 480 14.4 
2 O751 5.1 2 (4S0 7.4 
5.1 UOoCh in cell; 1:60 UOoCh added at anode: 1-171. 
moo HCl added at cathode 
nt 
dat “1 0. O1g8 12.9 ol 0. 0480 itv 
2 ears | Po, a | 2 (MSO 7.4 
rates given in the table are caleulated from theoretical principles 
ral tice, owing to fluctuations in the room temperature, the rates varied 
from those given in the tabk Also, for current efficiencies con 
below 100 percent, the rates were somewhat different than the 
il. For example, the rate for the 160 solution at a eurrent of 0.5 
7 see/drop At the beginning the rate was 12.7 and was changed 
ht ( thin 7 br and to 12.0 within an additional 5 hr, for platinum anodes 
presents an extreme case wherein there was a definite shift. In 
he rates increased and decreased around the theoretical value over 
J time 
values were interpolated from the combined data of E. R. Smith 
te Matheson (National Bureau of Standards, Washington, D.C. Jan 
3, 19 fD. A. Macinnes and Associates (Rockefeller Institute for Medical 
New York City, April 2, 1942), and of C. A. Kraus and Associates 
‘ Kr niversity, Providence, R. I., Oct. 26, 1942 
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Ill. The Electrolytic Cell and Procedure 


A schematic diagram of the electrolytic cell with 
The cell con- 
sisted of a cathode compartment, «1, and an anode 


auxiliary parts is shown in figure 1. 


compartment, B, separated by a glass wool frit, 7, 


| 














ie’ 


Schematic diagram of the electrolytic cell and 


Figure 1. 
gas-sampling pipette with auxiliary equipment. 


to prevent diffusion of electrolytic products from 
one electrode to another. The cell was placed in 
a water bath to facilitate rapid-heat conduction 
from the packed tube. The cell was first filled 
with a solution of UO.CI, (1:60) to the level mark- 
ed, F. A solution of HCI, 15 percent more dilute 
than the 1:15.5 solution added at the cathode, was 
carefully poured into the cathode compartment to 
form a boundary with the solution of UO,CI,, and 
enough solution of UO,CIL, added at the anode to 
fill the cell. 

The electrolysis was then started and a 1:44.5 
solution of UO,Cl, was added dropwise to the 
anode and a 1:15.5 solution of HCI likewise to the 
A 115-v direct 
current line was used as the source of electrical 


cathode both at the proper rate. 
power. In the majority of the experiments a cur- 
rent of 0.5 amp was used. In some, a current of 
0.3, 0.7, 


being adjusted accordingly. 


or 1.0 amp was employed, drop rates 


The anode compartment was made air tight. 
The solution of UO,Cl, was introduced through 
funnel, G, carrying a stopcock to prevent air from 
being drawn into the anode compartment and to 
prevent escape of the chlorine-oxygen mixture to 
the atmosphere. A glass tube with stopcock as 
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shown led from the anode compartment to a gas 
sampling pipette, J), of about 200-ml capacity, 
adapted with a trap, &, containing 1:60 UO,Cl, 
solution. 

As electrolysis proceeded, the chlorine formed 
at the anode escaped through the tube leading to 
the pipette and also pushed solution out through 
the overflow. The pH of the overflow solution, 
(’, was measured with a Beckman pH-meter at 
frequent intervals during the electrolysis. The 
initial pH of 1.44 decreased gradually within 3 
hours to 1.38 and thereafter remained constant 
at 1.38, indicating that the solution in the anode 
compartment had become saturated with chlorine 
gas. When the pH of the overflow had attained 
an equilibrium value, the gas in the anode was 
permitted to flow for about one-half hour (228 ml 
of Cl, are evolved per hour at 25° C and 1 atm at 
a current of 0.5 amp) through tube, 77, and trap, 
F. to flush out all the confined air. Then samples 
were drawn into the evacuated pipette, J), at a 
very slow rate. For all the determinations, 1's to 
2 hours were taken to fill the pipette. As the 
gas was drawn into the pipette, the solution in the 
overflow (Cl, saturated) was drawn into the anode 
compartment. The pipette stopcock was then 
closed, solution was forced out of the anode com- 
partment into the overflow by the generated gas 
and the added solutions, and the procedure re- 


peated approximately 22 times at intervals from 
4 to 5 minutes (volume of the overflow cup was 
about \. of the volume of the pipette; 22 fillings 
being required). An indication of the pressure of 


chlorine-oxygen mixture in the pipette was given 
by the head of the overflow solution; when no 
flow of gas occurred it was known that the pipette 
was filled with gas. 

The gas collected in the pipette was analyzed 
by absorption in a 1.0 N solution of KOH, which 
rose from a beaker into the pipette as the chlorine 
dissolved. Corrections were made for the air 
contained in the entrance tube for KOH, and the 
pressure of the residual gas (oxygen) that did not 
dissolve was corrected to 1 atmosphere pressure, 
using the recorded barometric pressure and the 
difference in the heights of the two KOH levels. 
The total volume of gas and the volume of Cl, 
were determined from the known weights of the 
pipette, the pipette filled with water, and pipette 
containing the various amounts of KOH. The 
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density of the KOH solution was determined wit} 
the pipette in like manner. 

In the above, the procedure was described fo, 
the electrolysis of a 1:60 solution of UO.CI,. Ty 
procedure for the electrolysis was the same for t}y 
more dilute solutions with exception of the 0.1007 
N solution. In the first experiment a 1: 3835 
solution of UO,Cl, and a 1: 171.5 solution of H( 
were added, respectively, to the anode and cathocd 
compartments. However, it was found that tly 
rates of addition of these solutions were tear 
equal to the rates of evolution of and subsequen: 
saturation of the solution with Cl, so that nearl 
all the evolved Cl, was lost in maintaining equi 
ibrium. Consequently, attainment of equilibriun 
was exceedingly slow. In later experiments 
therefore, a 1:60 solution of UO,CIL, was added « 
the anode at a slower rate calculated by eq 5a 
Attainment of equilibrium was then more rapid 

Another factor had to be considered. Abov: 
was stated that a solution of HCI, 15. percen 
more dilute than that added at the cathode, was 
used in forming the boundary. This was neces 
sary to assure a sharp boundary between (ly 
solutions of HCl and UO.Ci,. The concentratio: 
of HCI required is given by the regulating functio: 
of Kohlrausch [2}: 


Cu" Cvo; * 
tu” tvo, / 


where ( represents the equivalent concentratio 
of the ions denoted by subseripts. For 1:155 
1:31.1, and 1:171.5 solutions of HCI, the trans 
ference number of the H* ion is, respectivel) 
0.844, 0.838, and 0.832 [4]. Consequently, 1! 
normality of HC! for use with solutions of UO,( 
of normality 0.902, 0.499, and 0.1007 must b 
respectively, 2.95, 1.49, and 0.271. Consequent!\ 
the 1:15.5, 1:31.1, and 1:171.5 solutions of H¢ 
were made 15 percent more dilute with wat 
(densities of HCI solutions from reference [3) 

closer adjustment of the concentration was 1 
necessary. Theoretically, it weuld appear the 
any concentration of HCI could be used because ' 
an automatic adjustment of the speed of the ton 
arising from variable potential gradients at t! 
junction. However, MacInnes and Smith [5) ha 
shown experimentally thet the concentrations ©! 
the two solutions in coniact must conform | 
eq 7 within about 10 percent. The 15-perce! 
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is well within this limit. Furthermore, 
io the hydrolvsis of UO,Cl, and dissolved 
me hydrogen ions migrate across the bound- 
tween HCl and UQ.Cl, under the influence 
field 
exdy, slight adjustments being made from 


electric In practice the boundary 

to time in the cathodic drop-rate when the 
boundary showed a tendency to move toward or 
away from the cathode. For the present purpose 


the adjustment of the boundary was adequate. 


IV. Current Efficiencies 
In tables 2 and 3 the current efficiencies (per- 
for different 
electrode current densities 
und for various concentrations of UO.Cl,. The 
precision of the method is illustrated by data 
The precision of the method is 
igh and of the order of 0.1 to 0.2 percent. The 
irrent efficiencies obtained in this w av are higher 


entage yield of Cl,) are given 


materials at several 


viven in table 4. 


than those obtained by the usual methods, in 
which insufficient time is allowed to assure equi- 
In 


table 5 some data are given to show the effects of 


brium between the gas and liquid phases. 


time of electrolysis and anodic-cathodic mixing 
n the values of the current efficiency. Low 
alues are obtained if the current efficiency is 
letermined before equilibrium has been obtained. 
The introduction of HCI from the cathode raises 
he current efficiency for two reasons: the acidity 
f the solution is increased and the total concen- 
tration of Cl The values of the 
irrent efficiency given here may be considered as 


ions is raised. 


minimum values, as any leaks in the apparatus 
vould lower and not raise the values, 


! 2 Anodi 


trolysis of O.902 N 


the counter flow 


1:60) solutions of uranyl chloride 


current efficiencies in 


rent commercial grade 


har 
Do 
Do 
De 
ID 
Do 
ly 
Lx 
5 Do 
. 6 Black was dispersed 
6 Unchanged 
Do 
Darkened. 


> 
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Electrolysis of Uranyl Chloride 


TABLE 


2. 


Anodic current efficiencies in the 


counter flow 


electrolysis of 0.902 N (1:60) solutions of uranyl chloride 


Contir 


F lec 


Palladium 


Iridium 


Platinum 
ium 20% 


Magnet ite 


Zirconiun 


rungsten « 


1ued 


The graphites were of different cx 


A verage 
tempera 
ture 


Current 


trode 
‘ density 


ampicm 
45 
64 


black 


Lee 


carbide 


ar brick 


Columbium-tantalum 


carbide 


Are carbon 


(iraphit 


(rray h 


h 
Cirapt 


TARLE 


electrolysis of 


3 Anodic cur 


0.498 N and 0 


chloride 


Average 
tempera 


ture 


rent eflicie neies in 


mmercial grades 


Current 
effi- 
mency 


Condition of elec 
trode after use 


Percent 
96.5 Unchanged 
4 Black wasdispersed 
Unchanged 
Do 
Do 
Unchanged 


Eroded 

Do 
Etched 

Do 

Do 
Etched 

Do 

Do 
Slightly etched 

Do 

Do 
Pencilled 
Unchanged 

Do 

Do 

Do 
Disintegrated 
Unchanged 

Do 
Disintegrated 

Do 

Do 

Do 

Do 


the 


solutions of 


counterflow 


IN 


urany 


Current 
effi 
ciency 


Condition of eect 


fter use 


Unchanged 
De 
Do 
Deo 
Do 
D 
Disintegrated slightly 
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Data showing the precision of method for deter- 
minations of anodic current efficiencies 


Parte 4 


Part I: platinum electrodes in 0.902 N solutions of urany! 
chloride 


Average Current efficiency 
tempera 
ture 


Current 
density 
average 


ampeom "ere? Percent Percen 
OO 


Ons 


Part I]: graphite electrodes in 0.902 solutions of uranyl 
chloride 


® Obtained with are carbon electrodes in 0.841 N solution of urany! chloride 


Vonequilibrium values showing the effects of 
mizing on anodic current 


TABLE 5 
time and anodic-cathodic 


‘ fic rencies 


Electrodes of platinum and 0.1 N solutions of UO,Cl, were used 


f the time of electrolysis 


Equilib- 
rium 
value of 
current 
efficiency 


pH of th Current 
overflow density 


Current 
efficiency 


impiom Percent Percent 
1 8.2 15.6 
1.82 is. 0 4.1 
1. 82 a2 “4! 
2. 27 0.3 42.3 
2.73 12.3 
57.4 


c-cathodic mixing 


* This value and all those that follow are the hours of current flow after 
snodic-cathodic mixing 


No anodic cathodic mixing 
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The current efficiency is the same within , fey 
tenths of 1 percent for electrodes of the pla: inuy 
group and is practically independent of the ey 
rent density for the most concentrated soli‘ions 
For the most dilute solution the current efficienc 
increases as the current density is decreased. Fy 
the other electrode materials the current efficienc, 
is lower. These electrodes for the most part 
deteriorate with use. Magnetite, in agreeme 
with some observations recorded in the literatuy 
[6] deteriorated rapidly forming a cloudy solutio: 
This may explain the abnormally low values o/ 
current efficiency obtained with their use. Plat. 
num black and palladium black loosened on use 
the black was probably dispersed in the electrolyte 

When the current efficiencies are plotted wit! 
respect to the normality of the solutions they 
asymptotically 100 percent as thy 


trietly 
netals 
nateri 
approach hlorid 
normality of the solution is 
suggests that current efficiencies of 100 percent Bhyen | 


increased. Th *Baercen 
probably cannot ve realized in the electrolysis o 
aqueous solutions of uranyl chloride at 25° C, th t 


V. Conclusions 


The oxidation potentials for the chloride jo 
and for the water reaction are respectively — 1.3, 
v [7] and 1.229 v [8) at their standard states 
In 0.902 N solutions of UO,Cl, of pH. 1.38, th 
oxidation potentials of these two oxidation steps 
are, respectively, —1.379 v and —1.147 v. Thi 
activity coefficient of UO,Cl, was taken equal 1 
that of CaCl, [9] of equivalent 
For a partial pressure of oxygen of 0.033 atm. tl 
1.125 v. 
concentrated chloride solutions, oxygen shou! 
be more readily liberated than chlorine. How- 
ever, because of the bigh oxygen overvoltag 


concentrat iol 


latter value would be Thus, even 


chlorine is evolved. 
The percentage yield of chlorine should 


greater at those electrodes having the high 


oxygen overvoltage and the lower chlorine ov 


voltage. (The meaning of chlorine overvoltay 


is obscure. The potential over the reverst) 
potential necessary for chlorine evolution is pro! 
ably influenced by the presence of oxygen on 1! 
electrode surface.) For example, at a curre! 
density of 0.1 amp,em? the oxygen overvoltage> 
for platinum and graphite are about 1.28 y a! 
1.09 v [10]. 


efficiency for production of chloride at platinu 


These values indicate higher curre! 
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ics. The chlorine overvoltages for plati- 


d graphite at the same current density are 
mately 0.054 v and 0.25 v [10], which like- 


ndicate higher efficiency at platinum 
les. 

Fy difference between 

iclency gen and chlorine is about the same at all cur- 

(part fent densities for both platinum and graphite (for 


the difference decreases slightly with 


the overvoltages of 


‘me! raph le, 
rature irrent density), 
ution 


indicating the same efficiency 
i all current densities. This fact is substantiated 
data for platinum but not for graphite. 


Plati-2Phe latter is probably affected by absorption of 


lues 0 wv the 


nm use Byolved gases. If the overvoltage relationships 
rolyte Birictly apply, platinum and probably other 
d with Bhetals of the platinum group would be the best 
s they Bnaterials for anodes in the electrolysis of uranyl] 
is the hloride. However, current efficiencies of 100 


wreent are not obtained with these electrodes 
concentrated solutions. Hence, simul- 
neous electrode reactions occur at the anode 


th the attendant complications arising from 


changes in acidity and reactions between the 
electrode products and the electrolyte. 
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nalysis by the Mass Spectrometer of a Liquified Hydro- 
arbon Mixture Containing C3-Cs; Paraffins and Olefins 


By Vernon H. Dibeler and Fred L. Mohler 


A study of two methods for removing small samples from a liquified hydrocarbon mixture 


of known composition has been made with a mass spectrometer 


The first method, that of 


opening the evlinder valve and allowing the mixture to evaporate slowly into an evacuated 


reservoir, Was shown to give varying compositions depending on the rate of evaporation. The 


second method employed a low-temperature bath to cool the mixture below the boiling point 


of all components at atmospheric pressure 


pipette and completely expanded into a gas reservoir 


A portion of the liquid was then isolated in a 


Five successive samplings agreed with 


the composition certified by the Phillips Petroleum Co. within the experimental error. 


I. Introduction 


During the last 4 years, an increasing number of 
muss spectrometer laboratories have participated 
cooperative test programs designed to evaluate 
ihe precision and accuracy of analytical methods 
Shepherd [1}? has 


such co- 


for light hydrocarbon analysis. 
recently reported the results of one 
pperative test on a natural gas sample, ASTM 
3 VIL-2. The sample batch was carefully pre- 
pared in the vapor phase, and all of the cylinders 
listributed were filled simultaneously from a com- 
mon manifold. Other test 
have required analysis of liquefied hydrocarbon 


programs, however, 


mixtures in which the relatively minute sample 
ised by the mass spectrometer was removed from 
the liquid phase, usually by evaporation. Some 
of the variations in reported composition of the 
liquefied hydrocarbon mixture may be due to real 
differences in the composition of the separate 
different More 
likely, however, is a change in composition caused 


samples sent to laboratories. 
by inadequate precautions taken to remove a 
representative sample from the liquefied contents 
ofthe evlinder. To minimize the possibility of the 
lormer, a large batch of the test sample was 
isually divided into a number of portions and each 
portion put into a cylinder using various means to 


work was financed in part by funds made available by the Re- 
Finance Corporation, Office of Rubber Reserve 
brackets indicate the literature references at the end of this 


Mass Spectrometer Hydrocarbon Analysis 


maintain identical composition for each sample’ 
Assuming such precautions to be effective, how- 
ever, it should be noted that at least one case has 
been reported * in which the composition of a 
liquefied hydrocarbon mixture changed over a 
period of time due to distillation through a slowly 
leaking valve. 

It has long been known that it is very difficult 
to remove a representative sample from the liquid 
phase of a two or more component system boiling 
below room temperature at atmospheric pressure. 
Shepherd [2] has listed the steps necessary to do 
this as, (1) the liquid phase is made homogeneous, 
(2) a portion of the liquid phase is isolated from 
the bulk of the liquid without change in composi- 
tion (i. e., without boiling), (3) the isolated por- 
tion is completely evaporated into a suitable con- 
tainer again without change in composition, and 
(4) the vapor phase is made homogeneous. 

This paper reports a series of mass spectro- 
metric analyses made on Phillips Hydrocarbon 
Mixture 21, containing C;-C,; paraffins and 
olefins. The boiling range was approximately 
—48° to +37° C; the freezing range was ap- 
proximately —188° to —105° C. The samples 
for analysis were withdrawn from the cylinder by 
two methods. First, the valve of the inverted 
cylinder was cautiously opened to admit a quan- 


tity of gas into an evacuated reservoir; and second, 


Phillips Hydrocarbon Mixture 6 as received by the Gas Chemistry 
Section, National Bureau of Standards 
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a small portion of the liquid phase was isolated 
from the bulk of the liquid without appreciable 
change in composition and completely evaporated 
into the For samples taken by the 
first method, the variation in composition was 
studied as a function of the flow-rate. The ap 
parent composition of samples taken by both 
methods were compared with each other and with 
the composition certified by the Phillips Petroleum 


Co. 


reservoir. 


II. Experimental Procedure 


The hydrocarbon analyses were made with a 
Consolidated mass spectrometer [5]. The hydro- 
carbon mixture was blended by the Phillips Pe- 
troleum Co. as mixture No. 21 with the composi- 
tion reported as accurate to +0.05 percent. It 
was received in an ICC specification steel cylinder 
fitted with a standard liquefied petroleum gas 
valve. Anumber of samples for analysis were re- 
moved from the liquid phase by each of the two 
methods described below. The data obtained by 
the mass with a 
Consolidated electrical computer [4] using pro- 
cedures recommended by the manufacturer. 

The procedures for the two methods of sampling 
are outlined below. 

Method L. The cylinder, with a needle valve 
and inner member of a standard taper attached, 
The air 
in the needle valve connection was carefully 


spectrometer were evaluated 


was supported in an inverted position. 


flushed out and the cylinder attached to a 5-liter 
glass reservoir (.1 in fig. 1) by the outer standard 
taper, (. All volumes and connections up to the 
needle valve were evacuated to about 107* mm. 
At this point, the reservoir was isolated from the 
rest of the system by closing the metal sylphon 
valve, ). The inner surfaces of the reservoir and 
connections with the 
hydrocarbon mixture by cautiously opening the 


were then “conditioned” 
needle valve until a pressure of several centimeters 
The needle 


valve was then closed and the reservoir and con- 


was indicated on the manometer, B. 


nections evacuated through J) to a pressure of less 
than 0.1 mm, as shown on B. The flushing was 
repeated twice at approximately the same rate. 
A sample for analysis was then removed from the 
cylinder at approximately the same rate as the 
flushing by opening the needle valve until a de- 
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sired pressure was read on the manometcr, 
The rate of flow obtained for any opening of ¢) 
needle valve was calculated from the time require 
to introduce sufficient gas to raise the pressure | 
mm. For the slowest ray, 
measured, this required about 100 seconds. whil 
the most rapid sampling attempted required only 


the reservoir to 15 


15 seconds. The contents of the reservoir wep 
mixed by convection, and a 5-ml portion isolated 
in the volume, @. This portion was then cop. 
densed at liquid air temperature into one of thy 
lengths of 3-mm tubing on manifold /7, and sealy 
off. 
sures so that 
could be released directly into the inlet reservoirs 
of the mass spectrometer without further subdi- 


Care was taken to adjust volumes and pres. 
the contents of the 3-mm tubing 


vision. 

Method If. A small liquid pipette was cop- 
structed by soldering two needle valves to a sufli- 
cient length of '-in. copper tubing to give a 3-» 
One end of thy 
pipette was provided with a standard taper 


volume between the valve seats. 


connect to the gas reservoir (fig. 1); the other en 





Schematic drawing of gas phase sampling w 


Fieure 1, 
hottling apparatus used for methods I and I1 


was connected to the hydrocarbon cylinder by 
suitable fitting. The air was flushed out of t! 
pipette and with valve, VW, closed, the unit was 
partially submerged in a low temperature bat! 
(—78° C) as shown in figure 2. The glass tul» 
L, was added before submerging to prevent cot: 
tamination and to provide a means of flushing « 
known amount of liquid through the pipet 
After 5 minutes of cooling, the unit was remov: 
from the bath, thoroughly shaken and _ replaced 
After this procedure was twice repeated, liq 
hydrocarbon was flushed through the pipette 
cautiously opening J and allowing the liqui 
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re 2.—Hydrocarbon cylinder and liquid pipette as sup- 


ted in the low te m perature hath for use in method I]. 


When 


the level in Z indicated a complete change of liquid 


10 slowly rise in the vertical glasss tube, L.* 


the pipette, Zand N were closed and the unit 
vonnected to C (fig. 1). Thereafter it was re- 
moved from the bath, allowed to come to room 
iemperature and the entire contents evaporated 
nto the gas reservoir. The gas phase was then 
thermally mixed and sampled as described in 
wthod I. 

The calibrating gases were Phillips Research 
mde Hycroearbons with the exception of ¢7s-2- 
itene, l-pentene and ftrans-2-pentene. The cis- 
-butene was a Mellon-Koppers-Hinckley sample 
previously described by one of the authors [5). 
lhe l-pentene and trans-2-pentene were standard 
amples numbers 281-5S and 283-5S, respectively, 
vailable at the National Bureau of Standards. 


III. Discussion of Results 


The analysis of isomers in the mass spectrom- 

in general, inferior to the analysis of 
ibstances differing in molecular weight. The 
crimination between 


liffieult The 
iialyses and also data for total butenes, butanes, 


butenes is particularly 


following pages give complete 


wntenes and pentanes. Figures for the totals 


ire usually more accurate than for separate isom- 


two occasions it was necessary to direct a stream of warm alr 


end of the eylinder to initiate the flow of liquid 
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ers, and are in some respects a better test of the 
sampling techniques. 

Table 1 shows the composition of the hydro- 
carbon samples av a function of the sampling 
rate when removed from the cylinder by method 
I. Columns 2 to 7 inclusive are given in the 
order in which the samples were taken and at 
the flow-rate in milliliters per second indicated 
Column 9 lists the 
composition reported by Phillips as accurate to 
The reproducibility of compo- 


at the head of each column. 


+0.05 percent. 
sition for the same flow-rate, as indicated by the 
milliliters per 
second, is interesting in that it shows reproduci- 


three analyses sampled at two 


bility to be a poor criterion of a representative 
sample when the sample is taken in this manner. 
Further evidence of this fact is given in table 2, 
which shows the results of six analyses made on 
the same hydrocarbon mixture as part of a Rubber 
Reserve cooperative program. In this case, the 
cvlinder was directly attached to the mass spec- 
trometer inlet, and vapor metered into the reser- 
voirs. As they are obviously not representative 
samples, the reproducibility is unusual; although 
an experienced analyst will often sample at nearly 
the same rate several times ina row. A relatively 
slow rate is required to guard againist breakage 
and observations on similar samples show the 
usual sampling rate in this laboratory to be about 


two milliliters per second. 


TARLE 1 Mole percent composition of sample s obtained by 


vaporizing a stream of liquid 


‘and mole percent Syn 
thetic 
compo- 
sition 


Sample flow rate (ml sec 


Propent 
Propane 
1-Butene 
2-Butene 
Butern 
- Butane 
Butane 
1-Pentem 
2-Penten 
n-Pentane 
Pentane 


lotal Butenes ; 
otal Butanes ; ; ; 2 ; 43.13 
rotal Pentenes 8.7 6 ; $7 7 } 85 1.34 
rotal Pentanes 5.6 5.5 5 15. 7 nf a 1h 2 15. 36 


asuren vulated in the order in which they were made 
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TaBLe 2.— Mole percent composition of siz samples evapo- 


rated directly into mass spectrometer reservoir 


Samp'e Number and Mole Percent 


Component Mean 


Properne 
Propane 
1-Butene 
2-Butene 
i- Butene 
n- Butane 
- Butane 
Potal pentenes 
n-Pentane 
Pentane 
Total Butenes 2.7 
lotal Butanes “4 
Total Pentanes. 15. 


The variation of composition as a function of the 
rate of sampling is shown graphically in figure 3. 
The ordinate of a point plotted for a component 
represents the percent of the known composition 
actually found in the sample taken at the flow-rate 
indicated by the abscissa. For example, the amount 
of propene determined in a sample taken at a rate 
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Ficure 3 
ponents plotted as a function of the sample flow-rate in 


method 1. 


Percentage of known composition of the com- 


O, propene; @, propane; ®, butenes D, butanes; ©, pentenes; @, pentanes 
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of 1 ml per second was 5.2 percent. This represen). 
only 74.3 percent of the reported concentration » 
propene in the original mixture. In the san, 
sample, propane was analysed as 10.0 percent, o 
95.7 percent of the known concentration. Ty 
other components are similarly plotted. Tot, 
butenes, pentenes, and pentanes ar 
plotted because of the uncertainty of distrilutio, 
between the isomers as mentioned above — Thy 
deviation from known composition is less marked 
with increased sampling rate. This may be tly 
result of cooling at the valve seat, in which cas 
the lower boiling components pass through tly 
valve before completely evaporat ng. 

In 1920, A. K. Dunbar of the Harvard Cryo. 
genic Laboratory studied the sampling of th 
system, liquid nitrogen+oxygen, under various 
conditions and at different rates of flow. His 
work, described in a series of reports to the U.s 


butanes, 


Bureau of Mines, disclosed an isobaric separatio: 
yielding high nitrogen. This is in the expect 
direction, and the effect observed in the presen: 
In the effort 
avoid possible misunderstanding in 


work reverses this expectancy. 
comparing 
cross-check analyses, Shepherd called attentio 
to Dunbar’s work in a 1944 report to Rubbe: 
Reserve, and at the same time added an observa- 
tion he had 1920 with respect to th 
operation of a helium still. A still plate contai 
ing approximately equal parts of nitrogen an 


made in 


methane at 300 Ib/in.? delivered essentially nitro- 
gen from a needle valve located outside of 1! 
still lagging, whereas much nearer the proper mv- 
ture was delivered from a needle valve whose s 
This ev 
periment magnified the effect to be expected upor 
sampling systems like the C3.,.,; mixtures und 
pressure in cylinders delivered for Rubber Reser) 


was located within the still plate itself. 


cross-check analyses. As stated above, thes 
effects are in the opposite sense to the effects show 
in figure 3. An effect in the direction indicate 
by figure 3 could arise from an accumulation ¢ 
unvaporized higher boiling components results 


from the process of conditioning the large rese- 


voir in method I or the mass spectrometer inl’ 


manifold in table 2. In the authors’ opinio! 
the effect could also arise from depletion of 1! 
liquid near the needle valve with respect to t! 
more volatile components, due to bubbles me! 
in these components moving under gravity i! 4 
direction opposite to the sample stream, exec)! 


Journal of Research 





whe! 
phen 
para 
impo 
meth 
Tab 
moves 
six Wal 
liquid 
is not 
colum: 
liquid 
illow 
of the 
lower 
compo 
table | 
some! 
slight 
mixtul 
calibre 
some 
somer 
n the 
f +0 
\lthor 
calibra 
since t 
nearly 
somer 
The 


lo sol 


Selit. 
On 6 


same 


DuULLO! 

The 
larke 
be th 
L Casi 


rh tl 


Cryo- 
f th 


ratio! 
wecles 
rese! 
ort 
Daring 
‘nto 
ubb: 


Serv; 


Ino! 
if ul 


when the latter flow-rate is high. The former 
phenomenon has been observed in distillation ap- 
paratus While the latter is hypothetical. The 
mportant point, however, is that sampling by 
method I can lead to erroneous results. 

Table 3 gives the composition of six samples re- 
moved from the cylinder by method II. Sample 
six was taken immediately after a large amount of 
liquid hydrocarbon was lost from the cylinder and 
s not ineluded in the average values listed in 
column 8. For this sample, the space above the 
iquid in the cylinder was probably large enough to 
low an appreciable change in the composition 
of the liquid due to a greater evaporation of the 
ower boiling components. Total isomers of each 
omponent are tabulated for comparison with 
table 1. 
somers is considerably less than in table 1 and 


The variation in distribution among the 


sJightly less than usually encountered in such a 
mixture as shown in table 2. Since the 2-butene 
alibration was made using the cis-2-butene isomer, 
some small error may be expected if the trans 
somer is present in the mixture. The variation 
n the butenes, however, is less than that expected 
f +0.5 variation is assumed. 


percent pattern 


\Ithough the trans-2-pentene isomer was used to 


calibrate for 2-pentene, negligible error is expected 
since the e7s- and trans-2-pentene patterns are more 
nearly alike than the patterns of the 2-butene 
somers. 

The Consolidated electrical computer was used 


» solve the 11 simultaneous equations. The 


Analyses of samples removed in the liquid phase 


Sample number and mole 


Syn- 
percent ve 


thetic 
compo- 
sition 


Mean 1 


was drawn from a nearly empty cylinder 
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most arduous task was the proper preparation of 
the matrix to assure rapid convergence in the 
computer. This preparation was aided by the 
use of 132 small wooden blocks arranged 11 by 12 
in a tray and constructed in a manner that allowed 
any two rows or columns to be picked up and 
their positions exchanged. This was similar to 
the more checkerboard used for the 
same purpose in the Gas Chemistry Section of 
the Bureau. The coefficients and constant terms 
were then written on labels glued to the blocks. 
Several arrangements of the matrix were tried. 


elaborate 


None were more suitable than that suggested by 
Consolidated, except in one set of analyses in 
which carbon dioxide was accidentally added to 
the mixture. The time required for each solution 
was about 45 minutes. This includes time for 
setting in or checking the coefficients already in 
the computer prorated for all analyses. At first 
some difficulty was experienced with variable 
contact resistance between the helipots represent- 
ing the coefficients and the contactor bar resulting 
in no solution or spurious results. This dimin- 
ished with continued use, and under present con- 
ditions the data obtained for any of the above 
reported samples solved on successive trials give 
checks to +0.2 percent of the This is 
much better than the reproducibility of the mass 


value. 


spectrometer data obtained for this mixture. 
IV. Conclusions 


The indicate that a 


common technic of sampling volatile liquid mix- 


foregoing experiments 
tures, namely, permitting a slow stream of liquid 
to evaporate into an evacuated volume, can lead 
to large systematic errors in the analysis. In the 
Phillips hydrocarbon mixture 21, samples intro- 
duced into previously flushed reservoirs at slow 
rates were deficient in propene and rich in butanes 
and pentenes. Other components showed smaller 
effects. The error was reduced if the sampling 
rate 
however, by withdrawing a small liquid sample 


was increased. The error was minimized, 
from the cylinder without change in composition 
at the point of withdrawal. This can be done 
within the limits of error of the 


spectrometer by lowering the temperature of the 


present mass 
evlinder and contents in the vicinity of the valves 
to a temperature sufficiently below the boiling 
point of all components at atmospheric pressure 
and a sample removed as described above. 
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The analysis of a volatile mixture on the basis 
of a liquid sample involves the assumption that a 
negligible amount of the mixture is in the gas 
As the ratio of liquid to gas density at 
atmospheric pressure is 200-300 to 1, the gas phase 
clearly can be neglected if the liquid nearly fills 
the container. If it is nearly empty, the liquid 
is no longer representative of the mixture within 
the precision of the analyses. It has been noted 
before that sample 6 of table 3 is measurably 
depleted in propene for this reason. Samples 1 
to 5 of table 3 obtained from a nearly full container 
show in general a mean composition agreeing with 
the synthetic composition within the range of 
experimental uncertainty. For propene, propane, 
butanes, peatenes, and pentanes, 


phase. 


total butenes, 
this uncertainty is of the order of 0.1 percent of 
the total amount. The discrimination between 
isomers is considerably less accurate than this. 
Recent modifications of the Consolidated mass 
spectrometer that were not used in this work may 
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reduce the experimental error somewhat. Tho U.S 
will, however, emphasize the importance of jy).{Z Natio: 
proved sampling procedure. 


The authors wish to acknowledge the value , a 
many helpful discussions with Martin Shephe 
on this subject. The mass spectrometer was 
operated by Robert M. Reese, and computation: 
were made by Dorothy Thompson and Lay 
Williamson. 
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An Indentation Method for Measuring Wear 
By Samuel A. McKee 


This paper describes a method for accurately measuring the wear that takes place on the 


bearing surfaces of machinery. 


wearing surface by means of a specially shaped diamond point. 


The method consists of making minute indentations in the 


As material is worn from 


the surface, the dimensions of the marks change with the amount of material removed. Meas- 


urements of the dimensions of these marks before and after wear provide a means for deter- 


mining the amount of wear that has taken place 


Apparatus is described for using this method for the measurement of wear occurring in 


the eylinders of aircraft engines 
the method is practicable. 


gine cylinders 


The chief advantages of the method over the usual methods are (1) 


The results of tests with engines in operation indicate that 


Curves are also given showing typical wear data obtained in en- 


greater accuracy, 


2) a precise indication as to where wear occurs, and (3) the measurements are not affected 


by growth, shrinkage or distortion of the machine element under test. 


I. Introduction 


One of the major difficulties in the determina- 
tion of the wear of machinery has been the lack 
of a convenient method for measuring directly 
the amount of material removed. Among the 
methods that have been commonly used are the 
weighing of the parts before and after wear, the 
measurement of the dimensions of the parts before 
und after wear, and the determination of the 
mount of worn material found in the lubricant 
after operation. 

In some cases, more especially with laboratory 
apparatus, the parts are of such size and shape 
that the wear may be determined with reasonable 
accuracy by weighing or by measuring the dimen- 
sions. Inthe normal operation of many machines, 
however, the amount of material worn off in a 
reasonable time is so small compared to the size 
of the part as to make it impracticable to deter- 
The method of 


ieasuring changes in dimensions requires sensi- 


mine the wear by loss in weight. 


live apparatus and painstaking technic to obtain 
the accuracy required. Even under ideal condi- 
is both of these methods have some serious 

tions. The weighing method gives a value 
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for the total wear but does not indicate where the 
wear occurred. The method of measuring the 
changes in the dimensions of the part has this 
same limitation to a lesser degree in cases where 
wear occurs upon both surfaces that determine a 
given dimension. This method also does not 
differentiate between actual wear and 
changes that may occur such as growth, shrink- 
The method of 
determining the amount of worn material in the 
lubricant presents a number of difficulties and 


other 


age, or distortion of the part. 


usually is used only as a qualitative indication in 
conjunction with other data. 

These limitations indicate the desirability of 
developing a method or methods of measuring 
wear that are independent of the size or mass of 
the part. 
is not new. 


The idea of the use of such a method 
For years engineers have used the 
appearance of the tool marks on a part as an 
approximate indication of the amount of wear. 
This practice suggested an investigation to deter- 
mine the practicability of a method of measuring 
the amount of material worn off. 
by applying to the working surfaces marks of 


This was done 
such a shape that a relatively small amount of 
wear would make a definite change in one or more 


readily measurable dimensions of the marks and 
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hence provide a measurable indication of wear at 
the points where the marks are made. 

The problem of particular interest in this 
investigation was the study of wear in radial air- 
craft engines, especially in the cylinders where the 
conditions are such that permanent distortion 
might occur during operation that could nullify, 





from the standpoint of measuring wear, the sig- 

nificance of even the most careful measurement. 

The apparatus therefore was designed primarily to ‘ 

locate and measure marks on the cylinder walls of — 

a radial aircraft engine, although provision was 68 

also made for measuring the pistons. G ord 
nto 


II. Method and Apparatus and 


The choice of the particular type of mark used - 
in this investigation was influenced by the fact > see 
that at the National Bureau of Standards there ne 
was already under development an indentation we 











method for measuring the hardness of materials ' 
“he . ‘ the 
that utilized a mark that appeared to be readily Ficurt 1.—Enlarged views of typical indentatior 
: . . origi 


adaptable for the measurement of wear. This 


- pressure through suitable cams and levers in: the 
hardness apparatus is known as the Knoop In- f : 
ae ; the surface of the part. A photograph of {| oper 
denter.'. The indentation is made by pressing ay ' ai” 
7 F apparatus for indenting the cvlinders is shown nde 
into the surface the apex of a four-sided diamond a . ,” 
a figure 2 and a drawing of this apparatus 
pyramid having a rhombus-shaped base. The — ¢.... 2 
: y igure 3. 
diamond used in these wear tests is of the same 
general shape as the Knoop diamond but differs 
in essential dimensions. Greatly enlarged views 
of a typical indentation are shown in figure 1. ray 
a a , yrap 
The views on the left from top to bottom are the ir 
nar 
plan, longitudinal section, and transverse section \ 
respectively of a mark before wear has occurred, 
while those on the right are the respective views of 
the same mark after material has been removed 
from the surface. From this figure it will be 
noted that the shape of the mark remains the 
same, but the length decreases in proportion to the 
thickness of material removed. With the dia- Fiat RE 2 Apparatus for inde nting cylinders 
mond used in these tests the ratio of depth of 
mark to length of long axis is about | to 35, that 
is, a mark about 0.001 in. deep has a long axis of 





about 0.035 in. 
Special apparatus was developed for making 

















and measuring these marks. A evlinder or piston 





to be tested is placed li a special fixture, and 
marks at any desired position on the surface are 
applied to a predetermined depth by means of 








the diamond point, which is forced by mechanicai 


Frederick Knoop, Chauncy G. Peters, and Walter B. Emerson, J. Ry 
search NBS 23, 39 (1939) RP1220 FIGURE : Drawing of apparatus for indenting cy 
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mmaking an the cylinder is 
> 


ed in the fixture as shown in figure 3. The 


indentation, 


ver, A, is moved by one hand of the operator 
ate the cam, B, in engagement with the 
(’, and raise lever, D. The upward move- 
of D is communicated to lever, £, through 
This depresses the in- 


the spring assembly, F. 


lontation head, G, until it is clamped _ solidly 
avainst the surface of the cylinder by the force of 
spring, F. The indentation pin, //7, carrying the 
diamond indentor is then depressed by the other 
hand of the operator by pushing the plunger, J, 
nto its handgrip, A, thus moving the link, L, 
and actuating the indentation cam, ./, on the 
ndentation head. The cam contacting with the 
head of the indentation pin forces it downward 
and impresses the diamond indentor into the 
surface of the cylinder, the stop, .V, regulating the 
depth of the mark. On removal of both handy 
the indentation head and pin return to thei 
original position. The apparatus is arranged for 

the use of both hands in order to prevent the 

operator moving the cylinder relative to the 
own ndenter until the diamond is in a safe position, 
tus The viewing and measuring apparatus consists 

of a conventional microscope and eye piece scale 

xeept that the tube is lengthened and two right- 

imgle prisms inserted to permit use as a periscope 
A photo- 


graph of this apparatus as used in measuring: 


to view the inside of the cylinders. 


mark on a piston is shown in figure 4. 
\ particular advantage of the use of this 


URE 4.— Apparatus for viewing and measuring 


indentations. 
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method and apparatus is that it provides an 
indication of wear only, while the usual measure- 
ments of changes in diameters of the pistons and 
cylinders do not differentiate between wear and 
such distortion as may occur during a test. A 
further advantage is that it indicates the wear at 
a particular point on the surface, whereas the 
measurements of diameter involve changes at 
two points, and usually there is no practical 
method of determining how much of the wear 
occurred at either one. Also, the method does 
careful technic 
measure diameters with corresponding accuracy. 
Temperature variations do not materially affect 
the accuracy with the indentation method, hence 
it is not necessary to bring the cylinder to a 
standard temperature before making the measure- 
ments. In this 
connection, the apparatus is provided with locat- 


not require the necessary to 


This results in a saving in time. 


ing pins, and is so arranged that a mark made at 
given pin settings will fall within the field of 
vision of the periscope when using the same set- 
tings. This eliminates loss of time in searching 
for the marks that are too small to be readily 
discernable to the eve. 


Ill. Preliminary Experiments and 
Calibration 


made to de- 
termine whether the marks would retain § their 
sufficiently well to 


Preliminary experiments were 


shape provide reasonable 


accuracy of measurement. A study of grinding 
and lapping operations using flat blocks suitably 
indented indicated that there was probably 
greater likelihood of the mark retaining its shape 
when the leng axis of the base is perpendicular 
to the line of motion of the rubbing surfaces. 
With the lapping operations it was found that 
when the motion was parallel to the long axis the 
scratches tended to obscure the points of the 
mark. Subsequent trial runs in engines indicated 
that marks perpendicular to the axis of the 
evlinder were in general satisfactory for the 
purpose. 

made of the 


contour of the diamond in order to determine the 


Accurate measurements were 
ratio of depth to the long axis of an indentation. 
It was felt, however, that greater accuracy could 
be obtained by direct calibration of typical in- 
dentations made in various materials. As the 
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indentations are made by pressing the diamond 
point into the metal it would be expected that 
the marks would be shallower than the diamond 
point because of the elastic recovery of some of 
the metal after the stress was removed. These 
calibrations were obtained by comparing the 
changes in lengths of indentations placed on flat 
blocks of cylinder and piston materials with direct 
measurements of change in thickness occurring 
when material is lapped from the surfaces. 

The results of these calibrations are given in 
figure 5 where the wear (average depth of material 
lapped from the surface) is plotted against the 
average change in length for a number of marks 


on a given block. The ratio of change in length 


Weer, 0.000! in 














100 


50 
Change in Length of Mark, Scale Divisions 


Fict re 5. Indentation calibration curves for rarious material 


aoe, diamond indenter; Aa —— —, aluminum alloy (piston); 


+e oe ee, Hitridded steel (cylinder). 


stee! (cylinder 


to change in depth based on measurements of the 
contour of the diamond is also shown in figure 5. 
Comparison of the curves in this figure indicates 
that the deviations of the marks from the dimen- 
sions of the diamond follow the order of hardness. 
The curve for the relatively soft aluminum alloy 
piston material is the closest to the curve for the 
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diamond, while the greatest deviation is show n fo, 
the very hard nitrided steel. 


The action of impressing the marks in the sup. 


face of the metal raises a burr around the mark 
The shape of the diamond is such, however, tha; 
the major portion of the burr is formed on the 
sides of the mark. There is no apparent bur 
visible to the eye at the ends of the marks, by 
the presence of a very slight raising of the surface 
at the ends may account for the slight deviations 
from a straight line shown by the calibration 
curves. In the course of the investigation it was 
found that most of the burr could be easily 1- 
moved by rubbing lightly with fine polishing 
paper. For use with the cylinders, a sheet-meta! 
guard similar to the usual erasing shield but of 
larger dimensions was found convenient. The 
holes in this guard were so arranged that the pol- 
ishing paper could be rubbed with one finger over 
a small area at each mark on the cvlinder wall. 
As the marks are placed with their long ayes 
perpendicular to the axis of the cylinder, the rela- 
tion between the change in depth of mark to chang 
in length of long axis is affected by the curvature 
of the cylinder. While this effect is relativel 
small for the particular cylinders used, suitable 
corrections for curvature provide greater accurac\ 
in determining wear. The calibration curve cor- 
rected for curvature for the chrome-molybdenum 
steel cylinders used in most of the engine tests is 
shown in figure 6. The corrections for curvature 
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0.000! in 
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Figure 6.—Corrections for curvature of the cylinders ——— = ——, “ 
block; —mam, correction for curvature 
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ed upon a mark having a length of 0.032 in. 
on a cylinder diameter of 5%\— in., these 


being representative of most test conditions. 


idy was also made of the possibility of error 


the base of the diamond indenter not being 

wrallel to the surface when the indentation ts 

mad This would result in an unsymmetrical 

mark. Computations indicated that if the dia- 

ita mond shaped mark was symmetrical to within a 
itions MEratio not less than 41 to 50 along its major axis 
atio ratio of dimension ‘‘A”’ to ““B” in fig. 1), the error 
vould be not greater than 1 percent (approxi- 

mately 0.00001 in. It was found that the ap- 
yaratus could be adjusted to produce a sym- 
metrical mark, and that other marks either in the 

same cylinder or in other cylinders of the same 

ominal size could be made well within the limits 
symmetry without further adjustment.  Ac- 

rdingly, no corrections for lack of symmetry were 


IV. Performance of Marks in Service 


One of the important considerations in_ this 
nvestigation was the question as to whether the 
marks would retain their shape during the opera- 
tion of the engine. Results of a number of engine 
ests have shown that marks made in the cylinders 
fradial aircraft engines retain their shape suffici- 
ently to provide reasonably accurate wear meas- 
rements. Photographs of marks in cylinders 
hat were taken after the engines had been oper- 
ted are shown in figures 7 and 8. The views in 
igure 7 are typical of most of the marks observed. 
ln a few cases the marks were distorted to the 
tent shown by the views in figure 8. The right- 
ind view in this figure is unusual in that the 
inetal has flowed over part of the mark. Experi- 
nee has shown that most of the poor marks occur 
len they have been worn to about one quarter 
of their original length or less, hence greater ac- 
iracy may be obtained by so regulating size of 
ind length of test to avoid this condition. 
scales shown in the views in figures 7 and 

esent an actual length of 1 mm (0.0394 in.), 

he marks were originally about 0.9 mm. 
observed in the viewing apparatus the scale 

{24% in. long. With the diamond used and 

he chrome-molybdenum steel cylinders the 


ngth of the scale represents about 0.0012 
epth, hence one of the small-scale divisions 
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Figure 7 Typical marks in cylinders after operation 


RES Cylinder marks that were distorted by 


operation, 


is equivalent to slightly more than 0.00001 in. of 
wear. This gives an idea as to the order of sensi- 
tivity of the method. 

The accuracy of the wear measurements, of 
course, depends upon the condition of the mark. 
With new marks the points are sharp and the 
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After the 
engine has been operated however, as is seen in the 
figures, the marks are somewhat blunted and it 
is necessary to estimate the position of the point. 
It is estimated that under normal conditions the 


lengths can be accurately determined. 


wear can be determined with an over-all accuracy 
of +0.00004 in. Under favorable conditions this 
figure can be + 0.00002 in. This 
estimate applies to the determinations of cylinder 
wear. Operating experience with marks in the 
pistons indicates that with the softer aluminum 
alloy the marks have a much greater tendency to 
distort, and the results are not especially satis- 
Photographs of typical marks in pistons 
Another 


reduced to 


factory. 
after operation are given in figure 9. 
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Figure 9.— Marks in aluminum pistons after operation. 


difficulty with this material is the tendency for it 
to become impregnated with carbon, making it 
difficult to see the marks. 

A second consideration of importance in this 
investigation was whether the presence of the 
marks materially affected the lubrication in the 
evlinder. Apparently they had little effect. This 
is illustrated by the views in figures 7 and 8 where 
it is seen that the surface scratches and ridges 
passing through a mark are not materially dif- 
ferent from those beyond the ends of the mark. 
In this connection, the viewing apparatus provides 
a convenient means for the microscopic examina- 
tion of the surface conditions in the cylinders. 
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V. Typical Wear Patterns in 
Engine Cylinders 


Most of the engine tests for the study of th 
performance of the marks in service were ma 
radial aircraft having 


with engines 


molybdenum steel cylinder barrels 5%{¢ in. in di- 


ameter. In these tests 24 marks were mac 
each cylinder, 6 spaced 60 degrees apart at eac! 
of 4 levels. These levels were approximately 2, 4 
6 and 8 in. respectively from the open-skirt en 
of the evlinder. The upper row of marks was 
near the top of the ring travel and was in contac! 
with the top ring only while the lower row was 
contacted by the oil ring only. 

Typical cylinder-wear patterns obtained in thes 
tests are shown in figures 10, 11 and 12. | 
these figures the wear at each of the four levels is 
plotted as ordinates and the angular position o! 
the marks as abscissas. The angular locations 
are taken in a clockwise direction when looking 


Zero ' 


into the open end of the cylinder. 
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Figure 10.— Wear in cylinder of radial aircraft 
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degrees is at the center line of the spark-plug 
hole located between the rocker-arm cages. 

These figures are of interest in that they indi- 
cate an unsymmetrical wear with respect to the 
axis of the cylinder that would be impossible to 
determine with the usual measurements of di- 
ameter. 

VI. Conclusion 


The data given in this paper indicate that the 
indentation method is practicable for the measure- 
ment of wear in radial aircraft engine cylinders. 
It is apparent that the method is also applicable 
for use on other machine elements, gages, dies, 
and other wearing surfaces where the material is 
of such a nature that the marks will retain their 
shape in service. 

The method is covered by U. S. Patent No. 
2,255,403, granted to H. C. Dickinson and S. A. 
McKee on March 4, 1941, and assigned by them 
to the United States Government. The American 
Instrument Company, Silver Spring, Md. was 
licensed to manufacture the instrument by the 
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Secretary of Commerce. This 
developed a modification of the instrument for 


Figure 12. 


company has 


use with automobile engines under the trade 
name “MeKee Wear Gage’’.” 

The indentations used in this investigation were 
made by impressing into the test surface the apex 
of a four-sided diamond pyramid, which when 
viewed through the microscope was in the form of 
a sharp-pointed diamond. The chief limitation 
from the standpoint of accuracy was that the 
sharp points of the marks were blunted to some 
extent when wear occurred. A promising field 
for further work is to investigate the possibility 
of the use of cutting or grinding methods for pro- 
ducing marks without burrs and without sharp- 
pointed ends. 


Acknowledgment is made to H. C. Dickinson, 
who instigated this investigation, and who, with 
C. E. Haven, F. A. Case, the late F. C. Knoop 
and other members of the Bureau staff, assisted 
in the development of the method. 

WasnHinaton, May 5, 1947. 


2 Aminco— McKee Wear Gage, catalog 45, p. 208, American Instrument 
Co., Silver Spring, Md 
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Effect of Magnification on the Precision of Indoor 
Telescope Pointing 
By Francis E. Washer 


The principle variables affecting the precision of telescope pointing at an indoor target 


are magnification, brightness, and vernier acuity of the observer’s eye. 
ments were performed in which magnification was the principle variable. 


were made by a single observer, thus reducing variation in the vernier acuity. 


A series of experi- 
All observations 
The brightness 


of the background against which the target was viewed was maintained at approximately the 


same level throughout the experiments to minimize effects arising from variation of brightness. 


Under these conditions, the relation between probable error of a single pointing (PF,) and 


magnification (M) is approximately PE, (in seconds) = VW 


I. Introduction 


This study of the factors affecting the precision 
of telescope pointing was initiated in connection 
with the Range and Height Finder Development 
Project sponsored at the Bureau by the United 
States Army Ordnance. As a range finder is 
essentially a double-pointing instrument, it is 
possible to deduce the error that may be ascribed 
to the purely optical phase of the range finder 
system from the results obtained with a single 
telescope. The part of this investigation that 
deals with the precision of pointing for outdoor 
targets has already been reported [1, 2]' 

In this earlier investigation, no consideration 
was given to factors that may affect the probable 
error of a single pointing (PF,) other than the 
distance separating target and observer. Other 
workers in this field have, however, devoted a 
great deal of attention to the correlation of PE, 
with magnification of the observing telescope. 
The results of these attempts showed such wide 
discrepancies from one observer to another that 
it seemed worthwhile to investigate this matter 
further under carefully controlled conditions. 

As control of conditions for outdoor pointing is 
not practicable, and as experience has shown that 
low and consistent values of PE, are obtained 
indoors, the present study is made for indoor 
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‘ Figures in brackets indicate the literature references at the end of this 
paper 
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962 
4.962 | 9 068. 


It must be emphasized that the 
as used in this paper, refers to 


targets only. 
term “ pointing,” 
a type of pointing where all mechanical errors 
have been eliminated and the error of pointing 
found is an attribute of the combination of the 
optical system and observer only, and is wholly 
devoid of such errors that may result from incor- 
rect reading of verniers and scales such as exist 
on transit circles and similar mechanical devices. 
In addition, the term PE, refers to the probable 
error of a single pointing about the instantaneous 
“‘true’’ pointing at the time at which it is made, 
and is a measure of the error of a single pointing 
determined from a number of pointings taken 
rapidly, and does not contain any appreciable 
effect of drift. 

In planning an investigation into the effect of 
magnification on pointing accuracy, it is clear that 
there are many variables that must either be con- 
trolled or allowed to affect the results in whatever 
manner they may. For example, if the target and 
reticle size are kept unchanged and the magnifi- 
cation varied then the apparent width of target 
and reticle increases directly as the magnification. 
That this change in apparent width may be ex- 
pected to have some effect is evidenced by some 
work done by Guild dealing with errors of optical 
settings [3]. His work was done with the unaided 
eye and showed appreciable variation for cross- 
line widths varying from 10 to 180 seconds with 
the greatest change taking place between 10 and 


163 

















Ficure | Arrangement of telescope, 


40 seconds. It is therefore possible that the value 
of PE, for low magnifications may be influenced 
somewhat by the variation of apparent line widths. 
However, it was decided to omit control of this 
factor because the major portion of a given series 
of observations is taken under conditions where 
the apparent line width is over 40 seconds and 
hence in the region of very slow change. 

A second factor that may affect the probable 
error of pointing is the apparent brightness of the 
background against which the target is viewed. 
This effect is discussed by Pelzer [4], who ascribes 
to it an importance out of proportion to its ef- 
This 


opinion is based on unpublished work in which it 


fect, in the opinion of the present author. 


is found that while there is a slow increase in PE, 
as one proceeds from a brightness so high as to be 
barely tolerable to a brightness lower by a factor 
of 1,000, the magnitude of this change can be 
neglected as long as the brightness is maintained 
at a level compatible with easy seeing. At very 
low brightnesses, there is a rapid increase in PE, 
with diminishing brightness. However, this sec- 
ond factor was controlled during the present ex- 
periments so that the apparent brightness of the 
background against which the target is viewed 
was kept approximately constant at a level of easy 
seeing throughout this part of the work. 


164 








collimator, and rotating prism as used in the experiment. 


II. Apparatus and Method of 
Measurement 


The apparatus and method of measurement a1 
essentially the same as those described in the studs 
The differences 
are primarily those concerned with size of tele- 


of outdoor pointing accuracy [1]. 
scope and auxiliary equipment. Two telescopes 
are used, one having an objective of 711-mm focal 
length and 100-mm aperture, and the second hav- 
ing an Objective of 1,143-mm focal length and 
50-mm aperture. The arrangement for the tele- 
scope with objective of 711-mm focal length s 
The collimator has an objectiv: 
100-mm 


shown in figure 1. 
of 71l-mm focal length and 
The weak prism has 150-mm clear aperture, an 


aperture 


the angle between its surfaces is 4 minutes 

To vary the pointing without disturbing th 
viewing telescope, the weak prism is placed 1 
front of the telescope objective and so mounted 
that it may be rotated about a vertical axis, whiel 
is also parallel to the prism axis. As the deviatior 
of a parallel beam of light caused by a weak prisi 
is a function of the angle of incidence on the prist 
surface, the image of the target can be caused 
move from side-to-side of the telescope cross-hai! 
intersection by oscillating the prism. During t 
course of an observation the prism is rotated un! 
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the | ve of the target appears to coincide with 
the c:oss-hair in the telescope, and the angular 
of the prism is noted with the aid of an 
y telescope and scale in conjunction with 
This 
is converted into seconds in the object 
A series of ten such observations is taken 


posit 
auxil 
» mirror attached to the rotating prism. 
read 
Space 
and the probable errors, PE,, determined from 
these data. Five such 10-groups are usually taken 
» a single run with a short intermission between 
wach |0-group, and the average PE, is accepted as 
the value of PF, for the run. 

All observations and the recording of data are 
yerformed by a single observer, the author, which, 
together with the fact that the rotation of the 
prism is controlled by a smooth rod that must be 
released between observations, acts to reduce any 
effect of memory in making successive settings, 
and so tends to ensure the independence of suc- 
wessive observations. 

The probable error of a single pointing, PE,, is 
computed from the approximate formula 


O.8453k59 2;—7 
I 


PE, (in seconds) = (1) 
yn(n—1) 


wheres), 2, ...a,...2, denote the n observations 
Xs 


“i ’ ' 
ofa group and ¢ =~ “is the arithmetic mean of the 


» readings, and & is the calibration constant of the 
prism for conversion of millimeters observed on the 
scale to seconds deviation of the light beam caused 
by the prism. The observations are considered 


lO at a time, and for n=10, eq 1 can be written 


10 
PE,=0.0891k>5\2,:—7}. (2) 
1 


12, 25.5, and 48 are ob- 
tained by four ocular lenses specially designed for 
use with the 711-mm telescope objective. Other 
the part greater, are 
btained by using a compound microscope as an 
wular. 


The magnifications, 6, 


magnifications, for most 
By suitable choice of microscope objec- 
ves and oculars a wide range of magnifications is 
provided. The magnifications of the telescope 
vith the four oculars are determined by two 
uethods, first by the ratio of the focal length of 
he telescope objective to that of the ocular, and 
econd by the ratio of entrance pupil to exit pupil 
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with the telescope focused for parallel light, a 
condition that the experi- 
ment. For the four oculars the agreement by 
these two methods is good. 


prevails throughout 


When microscopes are used as oculars, the total 
telescope magnification, 1, is computed from the 
relation M=m,Xm., where m, is the objective 
magnification and m, the magnifying power of 
the microscope. The value of m, is given by the 
ratio of the focal length of the telescope objective 
to the distance of distinct vision, 250 mm. To 
insure against the errors that may result from 
accepting the nominal values of magnifying power 
of a microscope, each of the values of m, is care- 
fully determined by experiment. 


III. Results of Measurements 


1. Spider Fiber as Target and 7ll-mm Objective 
in Viewing Telescope 


The target is a spider fiber mounted in a vertical 
The 


diameter of the spider fiber is approximately 4 »; 


position in the focal plane of the collimator. 


accordingly its diameter subtends an angle of ap- 
proximately 1.3 seconds at the objective of the 
collimating telescope. 
nearly equal to the resolving power (1.2 seconds) 
of the observing telescope. The bright back- 


ground, against which the spider fiber is viewed, 


This value of 1.3 seconds is 


is provided by a ground glass screen illuminated 
by a 6-v projection lamp. The brightness of the 
screen is varied when necessary by interposing 
The 
reticle in the observing telescope consists of two 
platinum wires 0.0001 in. in diameter intersecting 
at 90 degrees, this reticle being oriented to present 


neutral filters between the lamp and screen. 


For the magnifications 
used, the apparent angular width of the spider 


the appearance of an 


hair ranges from approximately 8 to 329 seconds, 
while the apparent angular width of the reticle 
wires ranges from 5 to 227 seconds. 

The results of measurement are listed in table 
The form of 
versus magnification is an 


1 and shown graphically in figure 2. 
the of PE, 

hyperbola, as is shown in figure 3, by plotting 
PE, the reciprocal of magnification. 
The straight line curve so obtained has a definite 


curve 


against 


, : . l . 
intercept on the PE, axis at V7 = instead of 


passing through zero as might be expected. 


165 


PE. in SECONDS 


























A spider f 

































































1.00 
| 
80 ¢ | 
FicurReE 2 
PE, ve: 
| magnifical m 
60 a 
| viewing 
an objective 
| | focal lengt! 
aperture 
| of = approximat 
4 diameter 
a soe | 
2 the focal } 
| collimator 
| 
 incieeememnaiell | 
20 T 
2) 
| 
} | 
| 
0 i 
40 80 120 160 200 240 260 
MAGNIFICATION 
° 
00 #— —_—_—__—— - —_—_—- + —— + — —_+—____—_ 
FiGurt 
“ oa T —_, ] if versus ree 
of magn 
The results 
a Viewing 
60 with an object 
7il-mm foca 
100-mm_ aperture 
spider fiber 
imately 4e 
40 : +— mounted 
plane of the 
is the targ« 
20 — — 
| 
| 
— 
© 020 040 060 080 100 120 140 160 180 


166 


RECIPROCAL OF MAGNIFICATION 


Journal of Research 


4 


ft 


ir 


telescope 


p 


ur 


wher 


nifiea 
slope 
PE, | 
be oO 
accul 
consi 


The | 


The 
ure 0 
not li 
other 
on al 
value 
tne © 
errors 
value 
from 
three 
magn 
soluti 
Th 
those 
inder 
these 
or les: 
umn | 
for m 
are oO 
theref 
lated 
obser 
used 
Thi 
the he 


l are 


wher 
the | 





Thu: the relation connecting PE, and magnifica- 
tion is of the form 


on ae . 
PE, “yt B, (3) 


where A and B are constants, and M is the mag- 
nification. For the curve in figure 3, A is the 
slope of the curve, and B, the intercept on the 
PE, axis. Although the values of A and B can 
be obtained directly from the curve, a more 
accurate evaluation is made by least-squares 
considering only those values of PE, for M=25.5. 
The final equation is found to be 


ote +0.076. (4) 


PE,- 
The values of PE, for magnifications 6 and 12 
are omitted from the solution because they do 
not lie as near to the straight line curve as do the 
others. Moreover a least-squares solution, based 
on all observed values of PE,, yields computed 
values of PE, that in two instances differ from 
tue observed values by four or more probable 
errors. The present solution yields computed 
values of PE, that in only one instance differ 
from the observed values of PE, by as much as 
three probable errors, and that instance is for 
magnification 12, which was not included in the 
solution. 

These differences between observed values and 
those calculated from eq 4 are given in table | 
inder the heading APEF,. It is noteworthy that 
these values of APE, are approximately the same 
or less than the values of P,, listed under the col- 
umn headed 1, for all values of 17225.5. Even 
for magnifications 6 and 12, the values of APE, 
are only 2 or 3 times the value of P,. It can 
therefore be stated that the values of PE, caleu- 
lated from eq 4, give excellent agreement with the 
observed values for the range of magnifications 
used 

Three values of P, are listed in the tables under 
the headings 1, 2, and 3. The values listed under 
| are obtained from the formula 


t 2PE,. 


3y2(n—1)’ 


rs 


where n is the total number of observations. For 
the present work this expression is sufficiently 
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well approximated by the formula 


PE, 
P, - “= (6) 
“yn 


Probable error of a single pointing (PE,) as 
a function of magnification (M) 


TABLE 1. 


The results are for a viewing telescope with an objective of 711-mm focal 
length, 100-mm aperture. A spider fiber of approximately 4-4 diameter 
mounted in the focal plane of the collimator is the target. 


PE, APE, Num- 
Magnification - < a adie 


: Obs. - 
Obs Cale a groups 


Diameters sec sec sec sec sec sec 
1. 060 0.915 0.145 0.075 0.075 0. O58 
0. 425 405 070 021 030 043 
277 273 | Oo4 009 020 . 025 


.170 . 181 oll O12 O12 004 
180 177 003 009 018 012 
135 14 008 O07 O10 O17 

. 145 137 008 7 O10 014 
120 .120 000 008 004 


. 100 096 004 007 007 


5.033 


).076 
M +0.076 


PE, 
The values of P,, obtained by this formula, 
with n taken as the total number of observations, 
is especially useful for comparison with A PE&,, 
the difference between observed and calculated 
values of PE,. The values of P,, listed under 2, 
are obtained by use of the same formula, with 
PE, the average value for five 10-groups and for 
n=50. Where there are several 50-sets involved, 
the value of P, is the average for the several 50- 
sets, and represents what might be termed the 
average theoretical probable error of the probable 
error for five 10-groups. The value of P,, listed 
under column 3, is obtained by considering each 
PE, from a single 10-group as an observation and 
computing the probable error of the mean for the 
average value of PE, from five 10-groups. Where 
more than one 50-set is considered, the value of 
P,, is the average for the several 50-sets. Ideally 
P,, computed in this manner, should equal the 
value of P, listed under column 2. It is note- 
worthy that fairly good agreement prevails be- 
tween the values of P,, listed under columns 2 
and 3, for the same magnification. 


2. Platinum Wire as Target and 71l-mm Objective 
in Viewing Telescope 

The target is a platinum wire mounted verti- 

cally in the focal plane of the collimator. The 
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diameter of the wire is 0.0005 in., which subtends 
an angle of 4 seconds at the objective. All other 
conditions of the experiment are essentially the 
some as those for the spider fiber as target. 

The results of measurement are listed in table 
2. Assuming the same form of equation con- 
necting PE, and magnification evaluation of the 
constants 1 and B by least-squares gives the 
relation 

5.262 


-E ).060, 7 
PE, M + 0.060 (7) 
which is nearly the same as eq 4 found for the 
spider-fiber target. 
and caleulated values of PE, given in table 2 


A comparison of observed 


Tare 2.—Probable error of a single pointing (PE,) as a 


function of magnification (M). 
The results are for viewing telescope with an objective of 711-mm focal 


length, 100-mm aperture. A platinum wire 0.0005-in, in diameter mounted 
in the focal plane of the collimator is the target. 


PE, APE, P, Num- 

Magnification ~ : —- 

Obs Cale Obs. — 1 2 3 groups 

Cale 
Diameters sec sec sec sec sec sec 
6.0 0.942 0. 987 0. 005 0. 083 0. 067 0. O82 wv 
19.6 0s 328 —. 020 oll . 022 . 080 20 
25.5 270 266 04 007 020 . 016 40 
4 192 mm —.013 007 O14 ou 2 
w 170 1S 005 . 008 012 Ol 10 
LS} 135 123 o12 . 007 010 O10 10 
115 105 1060 ll — (OO . 005 . 008 009 10 
Isl O87 ono) —. 002 004 . 006 006 10 
223 (m4 Os4 010 . 005 . 007 012 10 
253 079 ol —.0 004 006 008 10 
4i4 070 73) ——. 008 004 005 005 10 
, . 5.283 . 
PE= wy 70-060. 


shows excellent agreement. The significance of 
A PE, and the three values of P, are the same as 
explained in section 1. The theoretical value of 
P,, listed in column 2, shows very close agree- 
ment with the value of P, determined from the 
spread of values of PE,, listed under column 3. 


3. Platinum wire as target and 1,143-mm 
objective in viewing telescope 


In this part of the experiment, a telescope 
objective with focal length of 1,143-mm is used to 
study possible effect on the values of PE, that 
may arise with change of focal length of the ob- 
serving telescope objective. All other conditions 
remain the same as described in section 2. 

The results of measurements are listed in table 
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3. Assuming that the form of the equation co; 
necting PE, and magnification is the same as eq 
evaluation of the constants by least-squares give 
the relation 


4.592 


PE,:-= V +0.067, 


which closely resembles eq 4 and eq 7. A com. 
parison of observed and calculated values giv 
in table 3 shows excellent agreement. 


Tase 3.—Probable error of a single pointing (PE,) a 
function of magnification (M). 

The results are for a viewing telescope with an objective of 1,143-mn 
length, aperture )-mm. A platinum wire of 0.0005-in. in diameter mou 
in the focal plane of the collimator is the target. 


PE, APE, P, 
Magnification 
" “abe Obs.— ° 
Obs Cak Cale 1 2 
Diameters sec sec sec sec sec 
26.5 0. 29 0.240 —0.001 0.017 0.017 
32.2 . 208 2100 | —. 002 O15 O15 
49.1. . 165 . 161 004 O12 O12 
134 100 .101 | —. 001 . 007 . 007 
157 aw . 006 . 0038 . 007 007 | 
21 .079 | Os —.004 . 006 . 006 
, 4.592 _ 
PE,= M +0.067 


IV. Discussion 


Although the variation of probable error ¢ 
telescope pointing with magnification has {r- 
quently been the subject of investigation {1}, th 
results have been so diverse that it seemed wort) 
while to study this phase of pointing accuracy wit) 
the present equipment. It seems probable tha’ 
the wide variations in the results previously rr 
ported arise from the attempt to correlate PE 
with magnification for pointings made at an outdoor 
target without control of other variables. Sue 
pointings are likely to be influenced by turbulene 
of the air intervening between observer and targe'! 
lighting conditions and degree ef contrast, conti: 
uration or shape of the target viewed, arrang 
ment and size of the cross-hairs in the observiig 
telescope, and small movements of the observing 
telescope or the object viewed. In addition, som 
investigators have handicapped themselves at tl 
outset by assuming that there should be a defini 
relation connecting pointing accuracy and resol’: BP ry), 
ing power of the telescope objective [6, 7, 8, and 9. Biever 
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‘he oossibility of such a relation is minimized by 
‘ilton [10] who, in the course of some precise work 
n prism size, found it necessary to study the effect 
ym pointing accuracy with change of aperture of 
bjective. His findings indicate no significant 
-hange or pointing accuracy with resolving power. 
t is probable that a belief (not always definitely 
tated) that pointing accuracy does not differ 
reatly from the limit of resolving power influ- 
need some investigators to be satisfied with a 
elatively coarse adjustment in making their set- 
ings. For example, Pelzer [4], the first worker 
o make definite attempts to control brightness, 
urrives at such high values of PZ, (varying from 
.9 to 1.4 seconds for magnifications varying from 
8 to 14) that it appears very likely that he did 
iot employ a sufficiently fine means of reading his 
wintings. Also, many observers appear to base 
heir formulas relating magnification and pointing 
wecuracy upon results obtained for relatively few 
nagnifications. Thus, Noetzli [11], in his work 
m outdoor pointing, bases his equation 


2.4 2.0 


Peé. — to (9) 


ipon magnifications 12, 24, and 37, while Klempau 
[12] bases his equation 


4.9 3.0 


PE, to 
JM JM 


(10) 


ipon magnifications 19, 23, and 30. 


One of the best pieces of work definitely deal- 
ing with indoor pointing accuracy is that by 
Noetzli [11]. 
magnification upon pointing accuracy under con- 
that preclude errors arising from the 
presence of cross-hairs in the ocular, and, for a 
range of magnification from 1 to 78, finds the 
relation ? 


He first investigates the effect of 


litions 


, 1.89 
PE, (il 
M , 
However, in making the settings in the second 
part of his investigation, wherein he used cross- 
hairs in the ocular, he gets the relation 





, 0486 
PE (12) 
bs 9 “ 
yM 
‘Th tants in Noetzli’s equations have been adjusted by the present 
author ‘press probable error instead of root-mean-square error. 


on of Telescope Pointing 


which is clearly open to question in view of the 
present study. In seeking an explanation for 
this discrepancy, the present author has plotted 
Noetzli’s values in the form of Mx PE, versus M, 
which is shown in figure 4, for pointings both with 
and without cross-hairs. It is clear for 
values of 7 in excess of 15.7 that Noetzli’s values 
with cross-hairs fall on a curve satisfying the 
equation 


those 


M™ PE,=1.665-+-0.035M, (13) 
while those values of \f< PE, found for M vary- 
ing from 1 to 8.6 not only fall well below this 
curve, but they also are lower than the corre- 
sponding values of \/ PE, for all magnifications 
without It seems very improbable 
that the pointings with cross-hairs should be 
better than the pointings without cross-hairs for 
magnifications 1 to 8.6 and inferior for mag- 
nifications in excess of 15.7. It is noteworthy 
that these discrepancies are pronounced only for 
the lower magnification where, according to table 
1 in Noetzli’s paper, a telescope objective was 
used as ocular. Whenever long focal length 
lenses are used as oculars, it is possible that there 
may be sufficient difference in adjustment of ob- 
jective and ocular (or of the reticle with respect 
to the objective and ocular) to produce a difference 
in magnification between the condition of point- 
ing with and without cross-hairs. The tendency 
for the normal observer would be toward an ad- 
justment producing a higher magnification for 
pointings with than for those without cross-hairs. 
Accordingly, the magnifications 1 to 8.6, listed by 
Noetzli, may actually have been somewhat 
higher for the condition of pointing with cross- 
hairs that they were without cross-hairs. 

When eq 13 is transformed into the equivalent 
form 


cross-hairs. 


1.65 


PE, V +0.035, (14) 


which is identical with the form in eq 1, it is clear 
that the constant B is not appreciably different 
from the average value of 0.068 found in the 
present experiment. The value A is, however, 
very much smaller than the value of 4.962 re- 
ported here. Since, however, the constant A is 
the vernier acuity of the observer's eye, and there 
is considerable variation in this quantity from one 
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MAGNIFICATION 
Figure 4.—M PE, versus M. 


Observed values of 1X PE, with cross-hairs are indicated by crosses; curve 2 shows the theoretical curve for M>15.7. Observed values of MX PE, wit! 
These results are obtained from Noetzli’s paper. (See reference [11]) 


out cross-hairs are indicated by circles; curve 1 shows the theoretical curve. 


observer to another, the differences in the constant 
A introduce no difficulty. 


V. Conclusion 


The relation between PE, and magnification is 
found from this experiment to be expressible in 
the form 


— 
PE,=7,t B, 


where A and B are constants. On averaging the 
values of A and B for the three cases described, the 
resulting equation is 


962 
PE,=* 17 +0.068 (15) 


It is problematical whether any significance can 
be attached to the variation of the constants A 
and B for the three cases. This question can 
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only be answered by further study where a wider 
range of target diameters and focal lengths of the 
observing telescope are used. The constant A ss 
the vernier acuity of the observer’s eye and cat 
undoubtedly be expected to vary from one ob- 
server to another. The value of 4.96 seconds * 
within the range of values obtained by different 
observers, contained in a discussion of verniet 
acuity in a paper by Walls [13]. 

It is more difficult to account for the constant 
B. Previous workers in this field have used 
equations in which A only appeared, PE, being 
correlated with the reciprocal of magnification 
Two possibilities are here advanced in interprets- 
tion of the constant B. The first is vibration tha 
is always present however much it may be !- 
duced by careful mounting. The second poss 
bility is that the short air column separating tl 
collimator and telescope objective may by ' 
turbulence introduce the additional error repr 
sented in the equation by B. In the study 
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rch 








ytdoor pointing, the possibility of a dependence 
ff pointing accuracy upon range was discussed [1]. 
The contribution dependent on range was given as 


,06i¢) where d is the range in meters. The 
distance separating the collimator and telescope 


objective in this experiment was approximately 
0.75 meter. Accordingly the computed error 
arising from range is approximately 0.059 second, 
which is not significantly different from the values 
of B found in the present experiment on indoor 


pointing. 
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Heats of Formation and Isomerization of the Eight CgH)2 


Alkylcyclohexanes in the Liquid and Gaseous States 
By Edward J. Prosen, Walter H. Johnson, and Frederick D. Rossini 


From experimental data recently obtained on the heats of combustion of the eight 
CH, alkvleyclohexanes in the liquid state at 25° C, together with auxiliary data on the differ- 
ences in the heats of vaporization at 25° C and on the difference in heat content of the gas 
between 0° K and 25° C, values are calculated for the following properties: the heat of isom- 
erization of ethyleyclohexane into the given dimethylevclohexane in the gas state at 25° C, 
and also in the gas state at 0° K; the heat of formation, from the elements, of the given isomer 
in both the liquid and gas states at 25° C and in the gas state at 0° K. The relation of the 
energy content to the structure of these molecules is discussed, including the labeling of the 


lower and higher-boiling forms of 1,3-dimethyleyclohexane as cis and trans, respectively. 


I. Introduction The values in column 4 are the heats of isomeriza- 
tion at 25° C in the gaseous state, obtained by 

Values were recently reported for the heats of combining the values in columns 2 and 3. The 
formation of the normal alkyleyclopentanes and : r al 

om. values in columns 5 and 6 give the heats of for- 
normal alkyleyclohexanes [1]... This report pre- “* 

S aia ’ P lt mation, from the elements, solid carbon (graphite) 
sents values of the heats of formation, for the ant gaseous hydrogen, for the C,H, alkyleyclo- 
gaseous and liquid states, and pp menan aera for hexanes in the liquid and gaseous standard states, 
the gaseous state, of the eight C,Hy,. alkyleyclo- respectively. These values were obtained by 
hexanes, based on the results ot measurements re- combining the values previously reported for the 
ently reported [2] on the heats of combustion of heats of formation of gaseous and liquid ethyl- 
the eight CsH,, alkyleyclohexanes in the liquid cyclohexane [1] with the values of the heats of 
state ¢ 95° >. Ms ° ° ° ° P 

ite at 25° ¢ isomerization given in columns 2 and 4. 

II. Results Column 7 gives the differences of the values of 

- , ' the heat content at 298.16° K less that at 0° K 

lhe results of the present calculations are given , 
pe ; for these compounds in the standard gaseous 
in table 1. The values in column 2 are the results Om . Sl 

' Bec state [5]. The values in column 8 give the heats 
of the measurements of the heats of isomerization . Mine oa 

ey: eae ‘ a of isomerization at 0° K for the standard gaseous 
at 25° C in the liquid state [2]. These measure- btai ie aeeallal “Sages eg 
. a state, obtained by combining the values in 
ments were made in a manner similar to that - On . . 

; a columns 4 and 7. The values in column 9 give the 
previously reported for the eight C,H». alkylben- 
zenes at 25° C in the liquid state [3]. The values 
in column 3 are the differences in the heats of 


heats of formation, from elements, solid carbon 
(graphite) and gaseous hydrogen, for the hydro- 
. ome ut : carbon in the standard gaseous state at 0° K. 
vaporization at 25° C, with the gas in the ther- —_,, 
, ' The value for the heat of formation of ethyleyclo- 
modynamic standard state of unit fugacity [4.] ea 


hexane in the standard gaseous state at 0° K was 


; ; , ~ PRO 
nvestigation was performed at the National Bureau of Standards Obtained from the corresponding value for 25° C, 
— or a mgr Laboratory and the American Petroleum in column 6, and the values for the heat content 
esearch Project m rd < 
at 298.16° K less that at 0° K for gaseous ethyl- 


ted before the Division of Physical and Inorganie Chemistry of the 
Chemical Society at Atlantic City, N. J., April, 1947 evclohexane [5], solid carbon (graphite) [6], and 
in brackets indicate the literature references at the end of this 7 


gaseous hydrogen [6]. 
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TABLE 1.—Values of the heats of isomerization and formation of the CgHig alkylcyclohexanes 




















| AHP (isomeri- | Difference in | SH? (isomeri- 





Difference in | AH®°(isomeri- 





r 
| 





Compound zation) for the heats of zation) for AH? liquid) AH? (gas) CHP age—H19) | zation) for AHP (gas 
the liquid vaporization | the gaseous ar2r ct at25° C« | forthe gaseous) the gaseous at O° Ke 
state at 25° Ce at 25°C 4 |state at 25°C «| state > state at O°Ke | 
oe a a ——e! i — $$ |__| 
kcal/mole |  heal/mole keal/mole | kcal/mole keal/mole keal/mole keal/mole | kei mole 
Ethyleyclohexane enti 0.00 0. 0.00 | —50. 7240.37 | —41. 05.40. 37 0.00 0.00 | —28 440% 
1,1-Dimethyleyclohexane —1. BL0. B —0.6340.04  —2.2140.28 | —52.30+0. 46 | —43. 26-40. 46 | 0. 22+0. 01 —1.994023/) -WBir 
cis-1,2Dimethyleyclohexane.....| —0.0840.25)  —.18+.01 | —0.104.25 | —50.664.45  —41.154.45) —.0040.01) -0.014.25) —A os y 
trans-1,2-Dimethyleyelohexane...|_ —1. 4640. 27 —.514.01 | -1.974.27 | —52184.46 —43.024.46 | —. 0040.01 —1.974.%7 | -—8 944 
cis-1,3-Dimethyleyclohexane *...| —2. 5740. 22 —. 4+. 01 —3.11%.22 | —53.204.43  —44.164.43 —.0840.01, —3.084.22) -—S82@i4 
trans-1,3-Dimethyleyclohexane > —0. 8540. 21 | —. W+. 01 —1. 15+. 21 —51. 574.43 | —42. 204. 43 —. 038+0. 01 —1. 12+. 21 —W. + ¢ 
cis-1,4 Dimethyleyclohexane —O. 83+. 21 —. Ut. 01 —1. 17%. 21 —51. 554. 43 —42. 22+. 43 —. 68+0. 01 —1. 14+. 21 — WO. ORs 4 
trans-1,4 Dimethylcyclohexane __ —2. 45+. 22 —. 62+. 01 —3. 07+. 22 —53. 174. 43 —44. 124.43 —.02+0. 01 —3. 05+. 22 —31 Win 
| | 





* This isomer, formerly labeled “‘trans’’, has the following properties (7): 
boiling point at | atm, 120.00°C; refractive index, np at 25° C, 1.4206; density 
at 25° C, 0.7620 g/ml. 

>’ This isomer, formerly labeled ‘‘cis’, has the following properties [7] 
boiling point at 1 atm, 124.45°C; refractive index, np at 25° C, 1.4284; density 
at 25° C, 0.7806 g/ml. 

© Heat of isomerization of ethylcyclohexane into each of the dimet hylcyclo- 
hexanes, H/° (dimethycyclohexane, liquid) —H° (ethyleyclohexane, liquid) 
at 2°c, 

4 The difference in the standard heats of vaporization, [H° (gas) —H° 
(liquid)} (dimethyleyclohexane) —[H®° (gas) —H® (liquid)] (ethyleyclohex- 
ane) at 25°C. 


The remaining values were obtained by com- 
bining this with the values in column 8. In table 
1, the lower-boiling isomer, formerly labeled trans, 
is labeled cis, and the higher-boiling isomer, 
formerly labeled cis, is labeled trans [7], following 
the reasoning originally presented by Pitzer and 
Beckett [8] and confirmed here by the values of 
the differences in energy content. 


III. Discussion 

Pitzer and Beckett [8] have summarized in 
detail the possible configurations of the substituted 
cyclohexanes, showing that at ordinary tempera- 
tures substantially all of the molecules are in the 
“chair” configuration of the cyclohexane nucleus. 
In the cyclohexane ring in this configuration, each 
carbon atom is staggered alternately above and 
below a plane through the ring of carbon atoms, 
with the results that six of the substituents to the 
ring (hydrogen atoms or methyl groups) are in an 
“equatorial” belt around the ring, while three 
substituents are north “polar’’ above the ring, 
and three are south “‘polar’’ below the ring. If 
the six carbon atoms in the ring are twisted simul- 
taneously so that the staggering with respect to 
the plane through the ring of carbon atoms is 
reversed, the six substituents that were originally 
equatorial become polar (three north and three 
south), while those that were polar become equa- 
torial. When one or more of the substituents on 
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© Heat of isomerization of ethyleyclohexane into each of the dimethiyley 
hexanes, H®° (dimethylcyclohexane, gas) —H° (ethyleyclohexane, gas 
the temperature stated. 

t Heat of formation, for the reaction 8 C (solid, graphite) +8H (gas) =( 1], 
(liquid, alkyleyclohexane), with each reactant and product in its stander 
State at 26°C. 

© Heat of formation, for the reaction 8 C (solid, graphite) +8 Hy (gas) =i, 
(gas, alkyleyclohexane), with each reactant and product in its standard sty: 
at the temperature stated. 

» [H°2s.0s— Ho} (gas, dimethyleyclohexane) —[H°xs «— Ho) (gas ett 
cyclohexane). 


different carbon atoms are different, the inversion 
produces tautomers, and Pitzer and Beckett |s) 
give in detail the number and description of such 
tautomers for the several dimethyleyclohexanes. 
For example, in the case of trans-1,4-dimethyl- 
cyclohexane, one tautomer has both methyl] groups 
polar and the other has both methyl groups 
equatorial. The tautomer with the methyl group: 
polar will possess a considerable amount of ster 
or strain energy (estimated by Pitzer and Beckett 
[8] to be near 4 kcal/mole) over that of the tauto- 
mer with both methyl groups equatorial, and th 
population of the higher energy state will be ver 
small at ordinary temperatures. 

For consideration of the relation between energ) 
content and molecular structure, the values of 
energy content for the gaseous state at 0° K an 
preferably used, because all of the molecules of « 
given isomer will then be in the tautomeric stat 
of lower energy, as well as being in the ground 
states, for translational, rotational, and ordinar 
vibrational energy. In the case of the exampl 
cited above, trans-1,4-dimethylceyelohexane, all o! 
the molecules will be in the more stable tautomer: 
state with both methyl groups equatorial. 

The conclusions reached by Pitzer and Beckett 
[8] together with the results of the present caleu- 
lations, are summarized in table 2. The extraor- 
dinary accord of the values in the last two columns 
is to be noted. The difference in energy duc to 4 


Journal of Research 








pola: 
(9} 








eis-1,2 
trans-l, 
cis-1,3-| 
trans-l, 
cis-1,4 


* For 
For 
© Ine 


Tl 
follo 
and 
dime 
lowe 
havi 
isom 


Hec 





f suc 
xanes 
ethyl- 
rroups 
rroups 
rroups 
ster 
ackett 
Lauto- 
dl the 


* very 


nerg\ 
ea of 
K al 
sol: 
Stati 
oun 
nary 
mpli 
all of 


met 


ckett 
aleu 

raor- 
ims 


to a 


arch 








ha of methyl group from an equatorial to a 
lar position, which is 2a according to Pitzer’s 
(9) theoretical calculations, is evaluated from the 
mental data to be 1.94 + 0.10 keal/mole. 


expt 
TAR ? —Dimethylcycloheranes in their more stable tauto- 
meric forms, in the gaseous state at 0° K 
Position of | Pheoretical Experimental 
the two sub- strain energy difference in 
stituents in (referred to energy con- 
regener two equator- _ tente (re- 
I _ stable tauto- ial groups on | ferred to two 
some rere pone nonadjacent equatorial 
e, equatorial: carbonatoms groups on 
: ae Is] ‘as zero) (from nonadjacent 
Pol . Pitzer and | carbon atoms 
Beckett, [8] as Zero 
kcal/mole 
methyleyclohexane €,p 3a 3. 0420. 21 
2-Dimethyleyclohexane ee a 1.08+ .23 
Dimethyleyclohexane * ee 0 —0.0+ .17 
Dimethyleyclohaxane> é,p 2a 1.934 .15 
{-Dimethyleyclohexane ¢,p 2a 1.914 .15 
{-Dimethyleyclohexane €,@ 0 0.00 
* Formerly labeled “‘trans,”’ see footnote a of table 1. 


Formerly labeled ‘‘cis,"’ see footnote b of table 1. 
Includes the calculated correction (column 7 of table 1) from 25° C to 0° K. 


The above considerations on energy content 
follow the conclusions originally reached by Pitzer 
and Beckett [8} and require that, among the 1,3 
dimethylevclohexanes, the isomer having the 
lower energy content be the “cis” isomer and that 


having the higher energy content be the ‘trans’ 


isomer. These designations require a reversal of 
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the previous labeling of these two isomers, so that 
the lower boiling isomer formerly labeled trans, is 
now labeled cis, and the higher-boiling isomer, 
formerly labeled cis, is now labeled trans [10]. 
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Some Recent Advances in Our Understanding of the 
Chemistry of Portland Cement 


By Robert H. Bogue 


\ review is given of some of the more important advances that have been made in our under- 


standing of portland cement during the war years, or more specifically from 1942 to 1946. The 


field covered is limited strictly to chemical research, and no attempt is made to include more 


than the outstanding contributions. 


fields of study, classified in four major divisions. 


together in a summary 


I. Notation 


The commonly used abbreviated symbols for the 
cement components are used interchangeably with 
the conventional notation. Thus, C-CaO, S-SiQ,, 
\-ALO,, F-Fe,O., H-H,O, N-Na,O, K-K,O, M- 
\I.O. Hence, C,AH.-2Ca0O.Al,O,.8H.0, ete. 


II. Introduction 


Since the close of the war, scientists from coun- 
tries throughout the world have been concerned 
with catehing up on the progress made in other 
countries during the years when communication 
was barred. In our laboratories, as in others, 
our friends seek to learn of the advances that have 
come from chemical research on portland cement. 
The answer is not to be found in any one place. 
To meet that need is one of the purposes of this 
paper, 

No attempt is made at a comprehensive picture. 
Only a few of the more significant studies can be 
presented, and these are confined to the strictly 
chemical fields. A more extensive treatment has 
recently been published elsewhere [1].'. Many im- 
portant advances likewise have beep made in the 
lields of physics, engineering, manufacture, archi- 
tecture, ete. But what we see in our own field 
gives promise of a most interesting future. The 
treatment will be directed to a review of research 
on phase composition, crystal structure, reactions 
of hydration, and new technics. 


in brackets indicate the literature references at the end of this 
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The presentation is given of thirteen investigational 


The more significant results are brought 


III. Phase Composition of Clinker 


Recent work upon the phase composition of 
portland cement clinker has given new informa- 
tion along several important directions. 


1. Combinations of Potash 


Although the alkalies in cement are probably 
never present in amounts exceeding 2 percent, 
and usually their total is under 1 percent, yet 
their presence in even smaller quantities is known 
to produce effects which, under certain conditions, 
One observed effect 
12} is that increasing amounts of alkali in the mix 
result in increased difficulty, during manufacture, 
in keeping down the free CaO. Another [36] is 
the undue expansion of high-alkali cements with 
certain types of siliceous aggregates. 


are the subject of concern. 


In order to 
understand the action of the alkalies in cement, 
it is essential to know the forms in which these 
elements exist in clinker, and the phase relations 
by which they may be controlled. 

In a study of the system K,O—CaOQ—Al,O,, 
Brownmiller [5] found that only one compound 
of potash was formed which could exist in the 
general composition-range of portland cement. 
This was the binary compound KA. Taylor [39] 
showed later that this compound was stable in the 
presence of the iron compound of cement, C,AF. 
The latter compound was known to form a solid 
solution with C,F [13], and this solid solution was 
found to act as a pseudobinary system with the 
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KA. The next step was to examine the effects 
resulting from the addition of the calcium silicates. 
This study |40] showed that KA reacts with C,S 
and C,S to form a potash-lime-silica compound of 
the composition KC,,S)». 

Further investigation [41] revealed that the new 
ternary compound is stable in the presence of 
C,A, CAF, C,8, CS and MgO. Hence it would 
be the stable potash-containing phase in the 
cement area of the system K,O—CaO—MgO— 
Al,Os—Fe,O;—SiO,. On an exploration of the sys- 
tem CaO—KC,,S,.—C;Az, a quintuple invariant 
point was found where KC. Sy, C3;A and C;A; 
are in equilibrium with iiquid and vapor at 1,310° 
C. Likewise, a quintuple point, not a eutectic, 
was found for the phases KC,,S8,., CaO and C,A 
at a temperature of 1,450° C. 

The discovery of the ternary potash-lime-silica 
compound, stable in cement systems of the above 
six components, explains why the addition of 
potash to a raw mix may result in progressively 
increasing amounts of free CaO in the clinker. 
Thus it may be computed that 1 percent of potash 
combines with 21.9 percent of C,S to form 22.3 
percent of KCySp», with the liberation of 0.6 
percent of CaO, by the equation 

K+ 12C,S —— KC;,,S,.+C. 
This 0.6 percent of CaO can combine with 1.9 
percent of C,S to form 2.5 percent of C;S by the 
equation 

C+C,S —— C,S 

so that a total of 23.8 percent of C,S will have been 
removed by the introduction of the 1 percent of 
K,O. But if the mixture had a potential C,S 
content less than 23.8 percent, the liberated CaO 
could not all be combined and would remain as free 
CaO in the clinker. When 1 percent of K,O 
reacts with C,S, 29.1 percent of the latter will be 
combined, with the liberation of 7.7 percent of 
CaO, by the equation 

K+12C,S —— KC.,,S,.+ 13C. 

Before these data could be applied directly to 
portland cement compositions, it was necessary 
to examine the effect of SO; on the potash com- 
pound. It was found that the introduction in the 
raw mix of SO, in the form of CaSO, brought 
about a reaction with the KC,,S,. by which C,S 
and K,SO, were produced, in accordance with the 
equation 

KC,,8,.+ CaSO, ——— 12C,S+ K,SQ,. 
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Additional tests showed that, in clinker con:pos. 
tions, the SO; and K,O combine preferentially x 
K,SO,, which crystallizes readily. To the extey 
that SO, is available, the potash will cormbiy, 
with it, and only the excess of K,O will combin. 
as KC.yS». In most clinkers examined it wy 
found that the K,O is in excess of its moleculy 
equivalent of SO;, which would suggest the prob. 
ability that the potash is present in both of th 
above compounds. A microscopical search fo; 
K,SO, in clinkers revealed its presence in mop 
than half of those examined. It could usually }, 
found when the calculated potential K,SO, coy. 
tent exceeded 0.24 percent. The existence of 
K,SO, in clinker had previously been indicate 
by microscopical [4] andchemical [23] studies. 


2. Combinations of Soda 


The soda systems have been studied in much the 
same manner as the potash systems. It was 
learned [6] in 1932 that a soda compound is formed 
in the system Na,QO—CaO—AI,O,, in the region oi 
portland cement, having the composition NCA 
This compound was found to be stable in thy 
presence of C,A, but it was necessary, as a nex! 
step, to examine its stability in the presence of 
the calcium silicates. 

This was accomplished [11] in 1946 through the 
study of a portion of the quaternary system 
Na,O—CaO— Al,O,—SiO,, which would include 
the compounds NC,Ag, C,A, CS and C,S. Forth 
purpose, a secondary system was selected within 
the larger system, having as components, Cal) 
C,S, NA and Al,O;. This system, represented 
diagramatically as a tetrahedron, was examine: 
by taking compositions along three planes, eaci 
of which hinged on the CaO—C,S axis, but met the 
Al,O;—NA axis at different points. These plane: 
could then be represented as the pseudo-ternar 
systems, 

C.S—CaO—(Na,0+6A1,0;) 
C,S—CaO— (Na,0 + 31,03) 
C,S—CaO—NA 


The first two planes are only arbitrary section 
and do not represent true ternary systems, but the 
last plane is a true ternary system. In the pseude- 
ternary systems, the compositions of liquids an¢ 
crystalline phases encountered are likely to lie out- 
side the plane, and the course of crystallizatio 
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cou! not be followed from the ternary diagram. 
But by separate explorations in critical regions 
betwen the planes, the necessary data could be 
obtained. 

(! especial importance, it was found that 
NC.A, could exist in stable equilibrium with C,A, 
CS. and C,S in the region of the system approach- 
ing portland cement in composition. An _ in- 
variant point of those four crystalline compounds 
with liquid was found at 1,440° C. This means 
that, on heating such a mixture, liquid would first 
appear at that temperature, and would have the 
determined composition of the invariant-point 
liquid. It appeared from microscopical and X-ray 
data that the NC,A; and C;A might combine, at 
temperatures below that of liquid formation, to 
form a solid-solution series. Also, under certain 
conditions, it appeared that the C,S crystallized 
out in the a rather than in the 8 modification, and 
in that form was able to take up a smal] amount 
of soda in solid solution. But when the a C,S 
inverted to the 8 form, the soda phase, being less 
soluble in the latter modification of the dicalcium 
silicate, came out of solution and appeared as 
inclusions in the BC,S crystals. 

It may be concluded from this study that soda 
may exist in a mixture of the components Na,O, 
CaO, Al,O,, and SiO, in one or more of four forms: 

1. As a component of glass, 

2. As NCA, or a solid solution of that phase 
in C,A, 

3. As a solid solution of a soda-bearing phase 
in a C,S, 

4. As inclusions of a soda-bearing phase in 
8C,S produced by ex-solution on in- 
version of the a C,S. 

The amount of soda in the glass will depend on 
the composition and rate of cooling, and may vary 
in a given composition between 3.5 and 8.0 per- 
cent. The erystallization of the solid solution 
between NCxA,; and CA in the form of prismatic 
crystals has suggested that these may explain 
This 


An observed en- 


the prismatic dark interstitial material. 
phase will be discussed later. 
largement of the primary-phase region of CaO, 
due to the addition of Na,O to the system CaO 
Al,O, SiO:, explains the increased difficulty of 
Sutisfactory burning with increases in the soda 
content of the mix. 
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3. Combinations in the System 
CaO—MgO-~Al,O,—Fe,O,—SiO, 


In a recent paper by Swayze [38], three systems 
of immediate interest to an understanding of 
portland cement constitution have been reported. 
These are: 

(a) CaO-C,;A,;-C,F, 

(b) CaO-C,;A;-C,F-C,S, and 

(ec) CaO-C,A;-C,F-C,S plus 5 
MgO. 


These will be considered separately. 


percent of 


(a) System CaO—C;A;—C,F 


In mixtures containing ferric oxide, difficulty 
has usually been experienced in obtaining satis- 
factory quenched charges due to the very rapid 
crystallization of the iron compounds. Swayze 
overcame this difficulty by using very small 
charges (0.002 to 0.015 g), placing these on open, 
concave platinum-foil containers, and quenching 
in water. By this means, charges containing up 
to 75 percent C,AF could be completely frozen as 
glass. 

It had been reported formerly [13] that C,F forms 
a solid-solution series with a hypothetical C,A up 
to a composition of C,AF. As this was the end 
member of the series highest in alumina, and as 
cements nearly always contain alumina in excess 
of the amount that could thus combine with the 
available ferric oxide, the compound C,AF was 
considered to be the stable iron-containing com- 
pound of portland cement. Swayze found, how- 
ever, that the solid-solution series extends further 
towards the C,A point, reaching an end member 
having the composition C,A,F. The Al,O,:Fe,0, 
ration of C,A.F is 1.28 whereas that of C,AF is 
0.64. This means, therefore, that in portland 
cements having an Al,O,:Fe,O,; ratio above 1.28 
the iron will be present (at crystalline equilibrium) 
in the form of C,A,F. And in cements having an 
Al,O;: FeO; ratio between 1.28 and 0.64, the com- 
position of the crystalline iron phase will have a 
composition between that of CyA,F and C,AF. 
If the Al,O,:Fe,O, ratio is below 0.64, the compo- 
sition of the iron phase will lie between that of 
C,AF and C.F. 
C,A could appear as a separate phase from compo- 
sitions having an Al,O,:Fe,O, ratio in excess of 
0.64, but from the new work this appears not to 
be possible until that ratio has exceeded 1.28. 


According to the earlier studies, 
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(b) System CaO—C,;A,—C,F—C,S 


The above study on the ternary system was ex- 
tended into the quaternary system with silica by 
addition of the fourth component, C,S. This was 
necessary in order to find the influence of the 
above phase relations on the formation of the 
calcium silicates. This system previously had 
been reported by Lea and Parker |26). 

The principal interest here is concerned with 
the C,S area and the invariant points of that 
phase with those adjacent to it. The work of 
Swayze shows excellent agreement with the earlier 
work in the temperatures of the invariant points 
CaO—C,S—C,A—iron phase and C,S—C,S— 
C,A—iron phase. His compositions, however, are 
richer in iron and poorer in lime than the corres- 
ponding points of Lea and Parker. This appears 
to be of especial significance by bringing these 
invariant compositions outside the tetrahedron 
C,S—C,S—C,A—C,A,F. This indicates that the 
iron phase that will be in equilibrium in the final 
products of crystallization of those compositions 
will belong to the solid-solution series. 


(c) System CaO—C;A;—C,F—C,S Plus 5 Percent MgO 


As all portland-cement clinkers contain some 
magnesia, the study was continued with the intro- 
duction of 5 percent of MgO. This amount was 
added because it previously had been learned that 
liquids in the region under study, between 
Al,O,:Fe,O, ratios of 1.35 and 1.60, take up slightly 
less than 5 percent of MgO at temperatures at 
which the C,;A and the iron phase have just dis- 
appeared. Saturation of the liquid was indicated 
by the presence of small amounts of periclase 
(MgO) in most of the glasses examined. 

The effect due to the introduction of the MgO 
was found to be an increase of the Al,O, content 
and a decrease in FeO, and CaQ, io both of the 
principal invariant compositions. This lengthens 
the field of the iron solid-solution phase and 
shortens that of the C,;A on the C,;S surface to 
such an extent that the invariant points are 
brought to the high-alumina side of the plane that 
passes through C,S, C,S and C,A,F. This brings 
these points within the tetrahedron C,;S—C,S 
C,A—C,A,F, and makes possible the formation 
of C,A,F in the presence of C;A, C,S and liquid. 

In these studies, it was shown that crystals of 
one phase might become embedded in another 
phase during crystallization of the latter and so 
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prevent the theoretical course of crystallization, 
even at very slow cooling. Thus CaO, whieh 
under theoretical equilibrium would be resorbed, 
may be left free, enclosed in crystals of C,A or 
C,;S. Furthermore, as the members of the solid- 
solution series are stable in the presence of each 
other, there may be practically no redistribution 
of Fe,O, and Al,O; within the growing crystals, 
which would be necessary under equilibrium 
cooling. This makes possible the formation of 
crystals hiaving a low Al,O,:Fe,O, ratio core and 4 
higher Al,O,:Fe,O, ratio exterior. 

Swayze points out that the establishment of y 
solid-solution series ranging from C,F to C,A,F 
may explain many anomalies that have been 
observed in the constitution of portland cement. 
Thus the petrographic examination of clinkers 
has usually shown an excess of C;S and a deficiency 
of CS and C;A from the amounts calculated on 
the assumption that the iron is completely in the 
form of C,AF. If the iron goes into combination 
as C,A,F, more Al,O, is taken into that compound, 
and less into C,;A. This leaves an excess of Ca) 
to combine with C,S, reducing the latter and 
increasing the C,S. Likewise, the heat of solution 
of C,A,F may be expected to differ from that of 
C,AF, and this would affect the calculated values 
for glass content as obtained by heat-of-solution 
methods. 

Before closing this section of the paper, atten- 
tion should be called to a recent contribution by 
Dahl [8] in which the interpretation of phase dia- 
grams is considered. Of especial interest in con- 
nection with phase-equilibria studies on portland 
cement, methods are developed for determining 
the phases present at equilibrium at any given 
temperature, and for estimating their proportions, 
without tracing the course of crystallization from 
the liquid state. Attention is also given to the 
role of the liquid phase in the processes of fusion 
and crystallization, as a means of gaining an 
understanding of the mechanism by which the 
oxides in the raw materials are transformed into 
the various cement compounds. 


4. Prismatic Tricalcium Aluminate 


When polished and etched sections of elinkers 
are examined under the metallurgical microscope, 
there is often observed a dark interstitial material. 
This may occur in three forms. A _ rectangular 
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ph has been identified as 3CaQO.Al,O;, and an 
amorphous phase as glass [20]. A prismatic phase 
has been observed in many clinkers [19] but, when 
charges have been made from pure materials, only 
those containing K,O or Na,O have shown that 
phase. The optical properties of the prismatic 
phase, however, did not correspond with those of 


any of the known alkali compounds, nor has there 
been revealed any relationship between the per- 
centage of alkalies in clinker and the amount of 
prismatic material observed [43]. There was 
seen, however, to be a close relationship between 
the ‘otal dark interstitial material and the potential 
(,A content. The prismatic phase was found to 
be more abundant in clinkers that were cooled at 
an intermediate rate: when rapidly cooled, glass 
predominated, and when slowly cooled, the 
rectangular form predominated. 

In a study looking to the solution of the problem, 
Taylor [42] selected a number of compositions in 
KC S,.-CaO-C;A;3, and subjected 
them to a variety of heat treatments. The 
results of this study showed that, under equilib- 
rium cooling, the prismatic form was not observed 
in any case. Under more rapid cooling the pris- 
matic form appeared in those compositions in 
which C;A was one of the compounds anticipated 
from the phase diagram [41]. If the charge were 
quenched from a temperature above that at 
which C;A was formed, the prismatic phase was 
not found. 

This study indicated that C,A may separate 
from a mixture in three forms. When quenched 
above the temperature of crystallization, it will be 
glass, observed as an amorphous dark interstitial 
When cooled slowly enough to attain 
equilibrium crystallization, it will appear as 
rectangular crystals. But when cooled at inter- 
mediate rates, it may separate in prismatic form. 
No methods appeared to be available for defining 
precisely the composition of that phase but, if it 
is a solid solution, the extent of such solution was 
shown to be very slight. The presence of K,O 
and SiO, or Na,O and SiO, appears to be essential 
'o its formation, but the reason assigned is associ- 
ated with the attainment in the crystallizing 
liquid of the proper environment for the produe- 
ion of a metastable phase. 

From this study it is concluded that the pris- 
matic dark interstitial material is a metastable 
form of tricalcium aluminate, monotropic with 


the system 


phase. 
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respect to the stable, isotropic, rectangular form 
of that compound. 


5. Inversion of Dicalcium Silicate 


The inversion temperature of a to BC,S was 
reported in 1915 by Rankin and Wright [34] as 
1420° +2° C. In a study by Newman and 
Wells [32] on the effect of added materials on 
C,S, the authors observed ‘inconsistencies in 
heating- and cooling-curves that denoted that the 
earlier inversion-temperature value had been set 
By the use of differential heating- 
curves, the points of energy-change could be es- 
tablished with a high degree of precision. 

A standard sample of yC.S was prepared from 
“low alkali’? CaCO, (containing less than 0.042 
percent total determined impurities), and a silica 
gel (0.06 percent residue nonvolatile with HF). 
A precisely proportioned mixture was heated for 
1 hour at 1450°C, cooled, remixed, and the process 
repeated three times. A $-a@ inversion tempera- 
ture of 1456°+2.2° C was obtained. 

The addition of CaO up to 4 percent did not 
change the B-a inversion temperature, nor did 
the addition of 0.12 percent of SiO,. But when 
0.19 percent of SiO, was added, the inversion 
temperature was lowered to 1,438° C. Further 
additions of SiO, caused no further reductions. 
As these small variations in composition could not 
readily be detected by chemical means, the 
authors concluded that the inversion temperature 
of pure dicalcium silicate could be assumed to be 
1,438° C (which would be raised to 1,456° C by 
the addition of a small amount of CaQ), or 
1,456° C (which would be lowered to 1,438° C by 
the addition of a small amount of SiOQ,). The 
authors believe that the higher value more cor- 
rectly indicates the true inversion temperature. 

The authors then studied the effects due to the 
introduction of foreign oxides. The principle was 
followed that the inversion temperature is lowered 
when a foreign material is less soluble in the low- 
temperature form (as BC,S) than in the high- 
temperature form (as aC,S). After saturation is 
reached, no further temperature change takes 
place. Hence, by plotting inversion temperature 
against increasing concentration of solute added, 
the limiting solubility is noted as the concentration 
beyond which the inversion temperature remains 
The solubilities of the mate- 


too low. 


sensibly constant. 
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rials added to C,S and the corresponding lowerings 
in the inversion temperature, were reported and 
found to vary over a wide range, as shown in 
table 1. 


Taste 1.—Solubility of oxides in a€,8, and consequent 
lowerings in inversion temperature 

Lowering in 

Oxide Solubilit y temperature 

in Cy of inversion 

point 
i 

AlyOy 0.5 “4 
MgO 5 20 
Fey 1.0 » 
CaF, 7 2 
TiO: 1.0 21 
Bao 12 200 
C0; 2.5 61 
VO—s 5 2 
P205 1.0 i 
BO, £0 151 
Mim, £0 73 
K,O 16 M4 
NarO 11.3 166 


' Limit not reached. 


A study of the 8 to y inversion of C,S has been 
made by Zerfoss and Davis [46]. The effects 
were observed of the addition of oxides of P, As, 
Sb, V, Ba, Sr, Zn, Cr, W, Mo and Ti. These 
investigators found that the addition of 1 mole 
percent of P,O;, As,O;, V,O;, or Cr,O, inhibited 
the inversion and allowed the B C,.S to be stable 
at room temperatures. It had long been known 
that B,O, prevented dusting, and recent work by 
Newman and Wells [32] has shown that Mn,O, 
likewise should be included. 

In all cases, the optical properties of the C,S 
were changed, which indicates the formation of a 
solid solution. Zerfoss and Davis conclude that 
the B-y inversion can be inhibited in two ways: 
chemically through the formation of a solid solu- 
tion, and physically through the restraining 
influence of surrounding phases. The solid solu- 
tion does not invert because of the high energy 
requirement necessary to force out the dissolved 
ion and allow the silicate to assume the stable 
form. In physical inhibition, the surrounding 
phases restrain the beta form from expanding to 
the gamma form, and isolate the grains so as to 
disturb and block the inversion wave. 

According to these authors, the inversion in- 
volves an increase in the coordination number of 
the calcium, and any means by which the low 
coordination of the calcium in 8 C,S can be pre- 
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served will prevent inversion. Thus they irgup 
that we may consider the operation of the inver. 
sion as a stage in the competition of calcium an) 
silicon for oxygen. Hence, by inserting other 
highly-charged atoms into the silicate structure 
they, with the silicon, will compete with th 
calcium for the oxygen and will assist in preserving 
the low coordination of the calcium. 


IV. Crystal Structure 


A few studies on the crystal structure of the ee. 
ment compounds during the past five-year period 
are of particular interest. 


l. Structure of Tricalcium Aluminate 


The structure of C,;A has been examined by « 
number of investigators. From studies of X-ray 
diffraction patterns, Harrington [14] concluded 
that it was “pseudocubie”’ with a unit cell having 
ao>—7.62A. There were however a number o/ 
lines to which he was unable to assign cubi 
The density indicated three molecules 
in the cell. Steele and Davey [87] reported tha 
the cell was cubic, with ag9=7.64A. There were 
difficulties however in the suggested arrangements 
of the atoms. Lagerquist, Wallmark and West- 
gren [25] assigned to the compound a cubic cell 
with an edge of 15.22A, which would give 2 
molecules per unit cell. 

Data obtained by MeMurdie [29] indicate « 
eubie unit cell with a,=15.24A, which allow all 
of the observed lines to be indexed. The strong 
lines of the diffraction pattern are those of a body- 
centered cube, with a=3.81A, which were shown 
to be caused by an arrangement of metal atoms a! 
or near the corners of 3.81A cubes. By compan- 
son with the known structure of other compound: 
having similar lines, it was shown that no dedu- 
tions were permissible concerning the arrangemet! 
of the oxygen atoms. It had previously been 
noted by Brownmiller [5] that X-ray diffraction 
patterns consisting of the strong lines of C,A wer 
obtained from various quickly cooled liquids in the 
area of portland cement, even from some compos! 
tions in which Al,O; was not present. His expla- 
nation was that this material was a metastable 
phase which, on slower cooling, was transformed 
to the stable crystalline phases. MeMurdic con- 
cluded from his studies that the pattern was due 
to submicroscopic quench growths of a metastable 
crystalline compound. 
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2. Structure of Dicalcium Silicate 


A» important series of studies has been reported 
by Bredig [3] that have clarified the crystal struc- 
ture of the several forms of dicalcium silicate. A 
group of compounds (as K,SO,, Na,SO,, CaNaPO4, 
Cak PO, is represented by the general formula 
A,XO,. Although occurring in more than one 
modifieation, their high-temperature (a) forms 
are similar and show hexagonal symmetry. 
Bredig observed, however, that a number of other 
phases, formerly designated as compounds, showed 
this same crystal symmetry. Thus glaserite K,Na 
SO,)., and the silica-phosphate 7CaO.P,O;.2Si0, 
gave the simple crystal lattice of the aA,XO, group. 
For this reason they are believed by Bredig to be 
solid solutions. In the first case, the solution 
would be of Na,SO, in K,SO,; in the latter case, of 
3CaO.P,O; in 2CaO.SiO,. 

A similar structure obtained by Greene [10] 
with specially heat-treated mixtures of Na,O and 
FeO,, or Na,O and Al,O;, with C,S led him to 
conclude that solid solutions had been formed of 
Na,O, with Fe,O, or Al,O,;, in C,S. The structure 
in both of these cases was that of the aA,XO, 
group, Which is offered as evidence that the C,S 
in these preparations is in thea form. The con- 
clusion of this study was that aC,S has a hexagonal 
symmetry and is stable at some high temperature; 
that ordinarily it is impossible to prevent inversions 
during cooling, but that the presence of substances 
in solid solution may cause the @ form to be re- 
tained at room temperatures. A slow cooling 
through the transition-temperature range, how- 
ever, brings about the inversion, as noted by a 
change in symmetry and the appearance of the 
typically-twinned 8 form. 

Furthermore, it appears that the components of 
the solid solution are less soluble in the 8 than in 
the a form of C,S, and so separate during the in- 
This gives rise to the inclusions com- 
monly observed in the C,S crystals of commercial 
clinkers. Greene found the inversion temperature 
to be lowered by the solution: to 1,175° by the 
Na,O+ Fe,O3, and to 1,180° by the Na,O+A1,0,. 
These results led to the conclusion that the crystals 
formerly described as a C.S were in reality the 8 
modification, the slight differences observed being 


version. 


due to solid solutions. 
By » similar procedure, Bredig showed that the 
phases 27CaO.P,0;. 12SiO, and K,0.23CaO.12Si0,, 
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which had been considered as compounds, have a 
structure corresponding to the 8 or low-tempera- 
ture form of K,SO,. This indicates to Bredig that 
those compounds are solid solutions, the former of 
3CaO.P,0; and the latter of K,O.CaO.SiO, in 
2CaO.SiO,. The symmetry of this hypothetical 
form of C,S is lower than that of the @ form but 
higher than that of 8 CS. Since these solid solu- 
tions have the structure of 8B K,SO,, it is assumed 
that pure C,S must also possess this structure in 
temperature range. This new form is 
designated by Bredig as a’ C,S. Its temperature 
of stability is believed to be immediately above the 
a’—8 transition point (1,420° C according to 
Rankin and Wright, and 1,456° C according to 
Newman and Wells, see above), and that of aC,.S 
to range from the a—ea’ transition point (un- 
determined) up to the melting point of C,S. 

The work of Bredig led to further developments 
on the relative activities of the various forms of 
dicalcium silicate. Brandenberger [2] had ad- 
vanced the theory that the calcium ion at room 
temperature tends to surround itself with more 
oxygen ions than at high temperatures. Thus 
the coordination number of Ca for O in yC,S is 
believed to be 6, but for the 8C,S, stable at 
higher temperatures, it is considered to be less than 
that value, and is set at 4. If this is true, an in- 
creased activity results upon a decrease in co- 
ordination number of CaO, to CaQ,. This theory 
was advanced on the premise that, with rising 
temperatures, the Ca ions exert a loosening in- 
fluence upon the state of polarization of the O 
ions, increasing the distance between them and 
the Si ions, and so diminishing the bond between 
them. Such called ‘“contrapolari- 
zation.” 

Bredig argues against the possibility of this 
effect with rising temperature. On the contrary, 
he contends that it is at low heat contents that 
the weaker Ca cation may approach the SiO, 
radical close enough to exert increased attraction 
upon the electron shell of the O ions, and be able 
thereby to repulse the Si ions. Hence, he argues, 
if the coordination number of Ca for O in yC,S 
is 6, as there is reason to believe, the number will 
increase in the polymorphic forms stable at the 
higher temperatures. He places the value in the 
a and a’ forms at about 10, and in the 8 form at an 
intermediate value, probably 8. 

In justification for this assumption, Bredig 
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points out that, in Ca (OH),, the Ca ion estab- 
lishes around itself a shell of 6 oxygen ions. 
In yC,S, where the shell already consists of 
CaO,, there is no potential to afford the chemical 
exchange in reaction with water. Hence yC,S is 
unreactive towards water. But in the case of the 
unstable coordination CaO, of the 8C,S, the 
tendency to revert to CaO, may be so great that 
the change in free energy may account for the 
activation energy of interaction with water. 

Vhe assumption of a hexagonal form of C,S, 
stable at a temperature above the transition tem- 
perature, has recently been confirmed by MeMur- 
die and van Valkenburg [31]. Making use of a 
specially-designed furnace, in connection with a 
Phillips X-ray spectrometer (which employs a 
Geiger counter in place of a photographic film), 
the diffraction pattern was obtained on a specimen 
at about 1,500° C, and the hexagonal structure 
noted. 


V. Reactions of Hydration 


In the field of the hydration of the cement com- 
pounds, important advances have currently been 
made along several directions. 


1. System CaO-Al,O;-H,O 


A recent study of much interest has been made 
by Wells, Clarke, and McMurdie [44] on the sys- 
tem CaQ-Al,O,-H,O at 21° and at 90° C. Meta- 
stable solutions of calcium aluminates were pre- 
pared by shaking for an hour or so either anhy- 
drous calcium aluminates less basic than CA, or 
alkali-free calcium aluminate cements, with dis- 
tilled water in the proportion of 50 g per liter. 
These mixtures were filtered, and clear solutions 
obtained containing up to 2.4 g of Al,O, and 
1.4 gof CaO per liter. Portions were then mixed 
with solutions of Ca(OH), of known concentrations 
and the changes in the solution observed. 

It was noted that increases in CaO content of 
the solutions were accompanied by decreases in 
A1,0, content, and a gradual increase from 2 to 4 
in the molar ratio CaO:A1,0, in the solid phases. 
This latter effect could be due either to an over- 
lapping of the solubility curves of a series of sepa- 
rate hydrated aluminates, or to the solubility 
curve of a solid-solution series of varying CaO. 
A1,0, ratio. The problem could not be solved by 
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the examination of the optical properties of the 
crystals, because the individual crystals were too 
small for satisfactory interference figures. Re. 
fractive indices were not greatly different between 
crystals of low lime content (2CaO.A1,03.5-911,0) 
and those of high lime content (4CaO.A1.0,.- 
12—14H,0), but the so-called w index of the dibasic 
compound was somewhat lower than that of the 
tetrabasic compound. The crystals of 4CaQ.- 
Al,O,.12H,O were found to be biaxial negative, 
with indices y= 1.542, B=1.538 and a=1.522. 

The metastable invariant point for C,AH, and 
C,AH,; was found to lie between 0.5 and 0.6¢ of 
CaO per liter, and between 0.10 and 0.15 ¢ of 
AlL,O, per liter. At lower lime concentrations, 
the 2:1 compound predominated; at higher lime 
concentrations the 4:1 compound predominated 
The X-ray diffraction patterns of both prepara 
tions show a hexagonal unit cell in which a=8.8A 
The value of ¢ for the 2:1 compound was 10.6, 
and for the 4:1 compound was 8.2A. The pat- 
terns for the crystals of intermediate composition 
gave intensities that indicated a mixture of C,AH, 
and C,AH». 

From these observations, Wells and his asso- 
ciates concluded that the so-called 
tricalcium aluminate hydrate is in reality not a 
separate compound but a mixture of the hexagonal 
hydrated C,A and C,A in equal molar proportions 
The similar structure of these compounds parallel 
to the a axis led to the belief that they are capable 
of intererystallization, and are made up of layers 
of the one compound so intimately mixed with 
layers of the other that the average indices of 
refraction are obtained. 

Specimens stored in sealed vials for 2 to 3 
years showed an increase in refractive indices in 
the low-lime compositions to values similar to 
those of the high-lime compositions, and the 
X-ray patterns in all cases were those of the 4:! 
compound. This indicated that the 2:1 compound 
is unstable and decomposes to the 4:1 composition 

At temperatures above 21° C, the hexagonal 
forms were found to revert rather slowly to the 
isometric C,AH,, and the solubility of the stable 
compound increased up to 90° C. From obser- 
vations on the formation of hydrated alumina in 
some preparations, it was concluded that gibbsite 
(Al,0;.3H,O) is the stable phase in the system 
CaO-Al,O,;-H,0 at 21° C up to a concentration 
of 0.33 g of CaO per liter, and that isometric 


hexagonal 
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CAH. is the stable phase above that concentra- 
tion between 21° and 90° C. The liquid at the 
invariant point for C,AH,-AH; contains 0.02 ¢g 
of Al.O, per liter at 21° C and 0.11 g of AI,O, 
per liver at 90° C. 

It was found by Harris, Schneider, and Thor- 
valdson [15] that, although the isometric C,AH, 
the stable phase in the temperature range around 
150° C, a prolonged treatment in steam at nigher 
temperature results in the formation of birefrin- 
vent crystalline phases. At temperatures below 
200° C, the mean refractive index of this material 
was 1.58. Between 205° and 350° C, rectangular 
prismatic plates were formed with a CaQ:Al,O, 
ratio less than 1.5, as well as Ca(OH)», but no free 
hydrated alumina. Two of the refractive indices 
of the crystalline hydroaluminate were close to 


62% 

This work indicates that, under conditions favor- 
ug hydrolysis, one and possibly two birefringent 
hydroaluminates may be formed: one at a tem- 
perature of about 200° C having a mean index of 
1.58 and one at higher temperatures having an 
ndex of 1.627. It was suggested that the forma- 
tion of these birefringent hydroaluminates may be 
in important factor in the improvement of sulfate 
esistance of cements subjected to steam curing. 


2. The Setting Process 


The character of the hydrated calcium silicate 
that was formed in systems of cement components 
with water was investigated by Hedin [16]. 
When 0.2 g portions of C,S or BC,S were shaken 
with liter quantities of water, the compounds 
entered the solution in the molecular proportions 
of the anhydrous compounds. But after about 24 
hours, in the case of the C,S, a cotton-like precipi- 
tate formed having the composition CSH. In 
more basic solutions the reaction was different. 
When 500 ml of the C,S solution was added to 2 
liters of saturated lime water, the precipitate that 
lormed had the composition C,SH, An X-ray 
examination showed the material to be crystalline. 
\ number of additional experiments led Hedin to 
velieve that this hydrate is the normal silicate 
compound formed during the hydration of cement. 

The rate of the reaction was found to be affected 
greatly by the presence of other ions in the solu- 
ton. Thus the reaction with either C,S or C,S is 
greatly depressed by saturated solutions of Ca 
OH),, but to a less degree when gypsum is present 
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with the Ca(OH)». 
by a 5 percent solution of CaCl, in the lime water. 

On working with the calcium aluminates, Hedin 
found that these compounds entered into solution 
congruently when the concentrations were very 
low. As with the calcium silicates, the rate of 
solution was found to be greatly depressed in 
saturated solutions of Ca(OH)., but to an even 
greater extent when gypsum was also present. 
Rapid reaction prevailed in those solutions in 
which quick set occurred, whereas the reactions 
were slow and the solubility low in solutions where 
In the latter case, the reac- 


Still less depression is caused 


the set was normal. 
tion appeared to be depressed due to a coating of 
the grains with an insoluble film of a hydration 
product that hindered the penetration of the 
solution. 

Thus Hedin found that the concentration of the 
calcium ions in the solution affects to an important 
degree the solubility of both the silicate and the 
aluminate anhydrous compounds, but the basicity 
of the solution affects only the aluminates. The 
systematic control of these factors would permit 
the control of the setting process as well as many 
other properties that are dependent upon the 
character of the set. Thus gypsum accelerates the 
solution of the calcium silicates but retards the 
solution of the calcium aluminates. The pH may 
be so greatly reduced by some calcium salts, as 
CaCl,, that precipitation of the calcium aluminate 
is prevented entirely, and in its place Al(OH), 
may be formed. Even the composition of the 
hydrated calcium silicate may be changed, from 
C,SH, in supersaturated lime solutions to C,S,H, 
in saturated lime solutions. 

When quick set occurs, there is a mutual 
coagulation of the silicic acid and aluminum 
hydroxide, enclosing unhydrated grains and im- 
pairing strength. If the lime can be brought into 
solution rapidly, this coagulation is prevented by 
the prior formation of C,A hydrate. The silicate 
can then hydrate unaffected by the aluminate. 
Gypsum would give an effect similar to the lime, 
due to the prior formation of insoluble calcium 
sulfoaluminate. 

The question of set has been studied by Lerch 
[27], making use of a conduction calorimeter for 
indicating the rate and extent of heat liberation. 
Two or three cycles of increasing heat liberation 
were found for all cements. The first cycle 
appears rapidly after mixing with water, and is 
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explained as due to the initial rapid solution of the 
anhydrous aluminates. During this period, lime 
and gypsum are going rapidly into solution and 
in a few minutes normally reach such a concen- 
tration that the first reactions are depressed 
through a sharp decrease in the solubility of the 
alumina in such sotution. This results in a 
decrease in rate of heat liberation. 

When the solution has become saturated with 
lime, the aluminates continue to dissolve slowly 
and react with gypsum to form calcium sulfoalu- 
minate. The silicates dissolve and form hydrated 
calcium silicates. These reactions increase to the 
time of initial set, following which a slowing 
down occurs due to film formation of hydration 
products around unhydrated material and to the 
disappearance of the smaller grains. When the 
gypsum has become depleted, the SO; concentra- 
tion in the solution drops sharply, resulting in an 
accelerated solution of the aluminates and _ in- 
crease in heat evolution. 

The rate and time of the above reactions are 
determined by the composition and fineness of 
the cements. With low C,A and low alkali, the 
reaction is slow and is accelerated by gypsum. 
Alkalies bring about a more rapid reaction, and 
require a higher gypsum content for proper re- 
tardation. Thus it appeared to Lerch that each 
cement has a gypsum requirement for optimum 
retardation that is characteristic of its composition 
and fineness. Tests on strength, expansion in 
water and contraction in air all indicated that the 
best results are obtained when this optimum 
amount of gypsum is present. This optimum 
quantity is defined by Lerch as the minimum 
amount of gypsum that will give a heat-liberation 
curve showing twocycles of ascending and descend- 
ing rates, and showing no appreciable change 
with larger additions of gypsum. 

A convenient test for the maximum SOQ, con- 
tent was devised that was based on the concen- 
tration of SO, in neat cement pastes at 24 hours. 
If the pastes retain gypsum, the SO, concentra- 
tion of the extracts will approach that of satu- 
rated gypsum which is 1.2 g per liter. If the 
gypsum has been depleted, the SO; concentration 
will approach that of calcium sulfoaluminate, 
which is about 0.05 g per liter. The maximum 
amount of gypsum permissible in the cement, 
according to the theory underlying the test, 
should be such that no or very little unreacted 
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gypsum shall remain in the specimen ‘of pa-te 
24 hours, and hence the SO, in the extract soul) 
be of the lower order of magnitude. 

Confirmation of the results of Lerch was ob. 
tained by Whittaker and Wessels [45]. They 
found that many cements required larger amounts 
of gypsum than were allowed by the standan 
specifications, varying between 3 and 4 percent of 
SO;, to retard properly the rates of hydration 
By the use of the larger percentages of gypsum, 
little effect was noted on time of set, but im. 
provements were observed by a reduced auto- 
clave expansion and increased tensile and com- 
pressive strengths, especially at early ages. Ay 
increased tendency to a false set with the higher. 
SO, cements was noted, especially when grinding 
temperatures were high. 

Calcium chloride was found by Lerch to accele- 
rate the hydration of cement pastes, as indicated 
by an increase in heat liberated during the first few 
hours and a shifting of the peak of maximum 
heat liberation to an earlier age. This would be 
reflected in an earlier set and increased strength 
at early ages. Kalousek, Jumper, and Tregoning 
[24] noted that CaCl, differed in its action from 
CaSO, by bringing about in the pastes an increas 
in the alkalies dissolved. This was thought to 
accelerate the precipitation of calcium sulfoalumi- 
nate (and perhaps also of calcium chloraluminate 
and so to lower the concentration of CaO ani 
SO, in the solution. 

An acceleration of hydration was also found by 
Lerch when K,SO, or Na,SO, were added to th 
solution. This was explained as due to an inter- 
action of the alkali sulfates with caleium hydrox- 
ide. 


3. Hydroaluminate Complex Salts 


The action of gypsum in the retardation of set 
and the action of sulfate waters on concrete, can 
be understood only by a knowledge of the com- 
pounds and reactions in the system C,A—CaS0, 
H,O. The formation of a calcium sulfoaluminate 
was known to Candlot [7] as early vs 1890, and 
many investigators have contributed to our 
information. In addition to a high-sulfate form 
(C,A. 3CaSO,. 31H,0, which will be referred to as 
the “trisulfate’’) a low-sulfate form (C,A. Cad), 
12H,O) was discovered (referred to as the ‘“‘mono- 
sulfate’’) [28]. The trisulfate was found to be the 
more stable and the only form observed in coment 
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paste after reaction with sulfates. Its solubility 
being very low and its formation aided by the 
preserice of Ca(OH),, it formed readily in cement 
past 

The monosulfate was found by Kalousek [22] 
to be metastable in solutions throughout a wide 
range of composition, but to persist over long 
periods in the absence of an excess of sulfate. 
With increasing concentrations of alkali hydroxide 
in the solution, the molar ratio of SO,:Al,O, of the 
crystals was found to decrease, so that the tri- 
sulfate could not exist at NaOH concentrations 
above 0.25 equivalents per liter. While the 
SO, ALO, ratio varied between 0.68 and 0.22, the 
(aQ:Al,O, ratio remained at about 4. These 
results led to the belief that a solid-solution series 
was formed between C;A.CaSO,.12H,O and 
(.A.Ca(OH),.13H,O, and between the tri- and 


monosulfate. This series could be expressed: 


(,A.3Ca(OH),.xH,0-—C,A.3CaSO,.31H,0 


C,A.Ca(OH),.13H,O—C,;A.CaSO,.12H,0 


C,A.12H,O 


The conversion from mono- to trisulfate was 
found to be accompanied by an increase in volume 
that could explain expansions in 
concrete subjected to sulfate waters. 

Flint and Wells [9] prepared compounds analo- 
gous to the calcium sulfoaluminates, containing 
CasiO,; or Ca(OH), in place of CaSO,. The 
relationship between these and the corresponding 
sulfoaluminates may be represented as follows: 


undesirable 


CaSO, 
CaSiO, 


C,A 
| Ca(OH), 


| 12 to 13H,O 
j 


3CaSO, | 
C3,A ;3CaSiO, | 31H,0 
3Ca(OH)s | 
lt was suggested that the complex sulfoaluminates 
hydrate known to be formed in cement pastes 
might vary in composition because of partial 
replacement of the sulfate radical by either the 
hydroxyl or the silicate radical in a solid-solution 
series 
A noteworthy attempt to resolve the systems 
quantitatively has been made by Jones [21]. 
Examining the system CaQ-Al,O,-CaSO,-H,O at 
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25° C, Jones found the trisulfate to be the only 
stable complex salt that was formed. The mono- 
sulfate, however, was found to be a_ possible 
metastable phase that might be formed as the 
end member of a solid-solution series. An abrupt 
increase in Al,O; occurred at a CaO concentration 
of about 0.3 g of CaO per liter, and the CaSO, 
concentration became very small. The solid 
phase then had a composition close to the mono- 
sulfate, but with increasing CaO concentrations 
the composition moved toward C;A.Ca(OH)>. 
12H,O 

In such solutions (free of alkali and iron), Jones 
concludes that the complex salt first formed is 
the trisulfate, but that this may change over 
partially or completely into the metastable 
solid solution, to which he assigns the formula 
rCaO.yAl,O;.zCaSO,.aq. The explanation given 
is that the solution becomes rapidly supersatu- 
rated with respect to Ca(OH), and, as long as 
solid gypsum remains, an equilibrium will be 
maintained between the trisultate, calcium hy- 
droxide and gypsum. When the gypsum is used 
up, C;AH, should form under stable equilibrium, 
but that compound is slow to form and the sys- 
tem is more likely to pass to the metastable region 
where the solid solution appears. In this way 
Jones thinks that, with a cement containing 2 
percent of SO; and 2.6 percent or more of Al,QOs, 
complete conversion of the trisulfate to the solid 
solution is possible. 

When KOH or NaOH were added to the system 
in amounts of 1 percent, there resulted a greatly 
increased solubility of alumina and a greatly de- 
creased solubility of lime. But still the trisul- 
fate was the only stable complex salt observed. 
These results ditfer from those of Kalousek, who 
found the monosulfate solid solutions to be stable 
above certain NaOH concentrations. This may 
be accounted for by the use, by Kalousek, of 
higher NaOH concentrations than used by Jones. 
Kalousek’s results differed from those of Jones in 
that he failed to find C,AH, in any of the solid 


phases. 
VI. New Technics 


A number of new technics, resulting from the 
use of special equipment, have recently been ap- 
plied in cement research, and merit a brief men- 
tion. 
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1. Methods of Spectrographic Analysis 


Methods have recently been developed by Helz 
[17] and by Helz and Scribner [18] by which 
eight elements may simultaneously be determined 
spectrographically in portland cement. These 
elements are sodium, potassium, lithium, mag- 
nesium, Manganese, titanium, iron, and alumi- 
A number of items of technic may be men- 

The most satisfactory sample consists 


num. 

tioned. 
of a compressed pellet containing a mixture of the 
cement, graphite, and cobalt oxide in proper pro- 
portions. The graphite was found necessary for 
the smooth burning of the charge in the electrode, 
and the cobalt oxide is employed as the internal 
standard. The disk-shaped pellet (4% in. in di- 
ameter by \ in. thick) is used as the lower elec- 
A “multisource’’ power unit employing 
an overdamped condenser discharge was found to 


trode. 


give best results. 

It has been found that potassium interferes 
with the determination of sodium, but that the 
magnitude of such interference changes very little 
when the concentration of K,O varies between 1 
and 2 percent. The difficulty was overcome by 
adding 0.7 pereent of K,O, as KNQOs, to all 
samples and, in the calculation, reducing by that 
amount the K,O observed to be present. 

By this procedure it was found to be possible 
for one operator to determine in duplicate in one 
day the above eight elements on 10 to 16 cements. 
The accuracy is probably as good as, or better 
than, that obtained by the usual chemical methods 
of analysis. The probable errors, expressed as 
percentages of the concentrations, are between 2 
and 5 percent, except for potassium for which the 
error is about 8 percent. 


2. Electron Microscopy 


Another recent tool that offers possibilities of 
much interest in cement research is the electron 
microscope. By means of this instrument, micro- 
graphs may be obtained at magnifications up to 
25,000 diameters with high resolution (which may 
subsequently be many times enlarged), and elec- 
tron diffraction patterns may be photographed. 

In the last few years, the instrument has been 
applied successfully to many problems requiring 
resolution of fine structure. In the field of port- 
land cement, Eitel and his coworkers [33] have 
examined the hydration products of tricalcium 
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silicate and tricalcium aluminate. More revent) 
Katz and his associates [35] have reported thy 
electron-micrographs of hydrated portland ¢. 
ments as also of some of the cement compound 
By this means Eitel found C,S to give rise j» 
hemispheres of Ca(OH), and nodules identific 
as a calcium hydrosilicate. The C,A gave hey. 
agonal crystals identified as C;AH,. and isometric 
crystals of C,AH,. Katz observed from CS and 
C.S rhombic slabs (probably CaCO ) and amor. 
phous spherulites, and from C;A the same rhombj 
thin hexagonal plates and spherulites 
When a sulfate was present, needles and splines of 
calcium sulfoaluminate were observed. 

Electron micrographs of the cement compounds 
made by MeMurdie |30] showed no evidence of 
the rhombic slabs observed very commonly by 
Katz. The C;A yielded hexagonal plates, as did 
also C,AF and NC.A;. The C,S and C,S, as wel! 
as commercial cements, showed the presence of 
globules of gel, with fringes that suggest a possible 
beginning of crystallization. In the presence of 
gypsum, with C,A or C,AF, the heavy splines of 
calcium sulfoaluminate were conspicuous. 

The above results are only the first pioneer 
work, which indicates that the electron microseop: 
is adaptable to the examination of cement hydra- 
tion products. The field of its application to th 
problems of cement research lies in the futur 
The use of electron diffraction technic has not 
been probed, but there is the probability that this 
also may be useful. By this means tl 
formation of solid solutions may be indicated 
patterns of the several phases in a section may | 
separately obtained, and advantage may be taken 
of the opacity of thin films to electrons by applying 
the method to such films of hydration products 
formed on anhydrous crystals. 


slabs, 


very 


3. X-Ray Spectrometry 


The present availability of an X-ray spectro- 
meter (Phillips), employing a Geiger counter |! 
place of a photographic film, makes possible tl 
recording upon a chart both the mtensity and 
spacings of the diffraction lines of a patter 
A photometer is not necessary for measuring th 
density of the lines, as intensity is indicated 
directly, and the spacings have only to be read 
from the chart. 

Many advantages are possible from the use ©! 
this instrument. The examination of a specie 
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ile in a much shorter space of time, and 

e no films to be developed. The unique 

ty presents itself of placing the sample in a 
furnace inserted in the instrument, so that the 
vattern of materials at high temperatures 
determined. Such a furnace has been 

fully built and operated by MceMurdie and 

an Valkenburg [31] at the National Bureau of 
tandards. Its use may be of the highest im- 
wrtance in studies on the crystal structure of 
inversion temperatures and _ solid 
The field has only been indicated; its 


ompounds, 


lutions. 


sploration lies in the future. 


VII. Summary 


The foregoing may be summarized as follows: 

The stable potash compound (or solid solution) 
» a cement mixture consisting of K,O, CaO, 
vO, Al,Os, Fe,Os, and SiO, has the composition 
KCS. When SO, is present, the potash com- 
ines with it preferentially to form K.SO,. (2) 
The soda of cement, in a mixture consisting of 
a0, CaO, Al,O, and SiO, may crystallize in the 
orm of NC\Ag, or a solid solution of that phase in 
‘A; a solid solution of a soda-bearing phase in 
(5; or inclusions of a soda-bearing phase in 
(5. (3) The iron-bearing phase in portland 
ement is a solid solution of C,F in a hypothetical 
A, which may extend beyond the composition 
AF, and reach an end composition at C,A,F. 
1) The prismatic dark-interstitial phase of clinker 
a metastable form of tricalcium aluminate 
wssibly containing a small amount of alkali in 
olid solution. (5) The a@ 
ire of dicaleium silicate is probably 1,456° C, 


8 inversion tempera- 


i) The B—y inversion of dicalcium silicate may 
¢ prevented by 1I-mole percent additions of 
0;, As.Oz, V.0O;, Cr.O3, B,O3,, or Mn,QO;. (7) 
ricalcium aluminate has a cubic unit cell having 
524A and 24 molecules. (8) a€,S has a 
xagonal symmetry, stable at a high temperature. 
der proper conditions, this may be obtained at 
W temperature. Previously described aC,S is 
vhose twinning is caused by the inversion 

id whose inclusions are the result of ex-solution 
ived phases. (9) An a’C,S exists, having 
ture of BK,SO,. 

range of the a and the 8 forms. (10) 

il C,A-hydrate does not exist. The 
previously designated as such is a mix- 


It is stable between the 


istry of Portland Cement 


ture of C,A aq and C,A ag. (11) In steam at 
temperatures above 200° C, the isometric C,AH, 
is changed into birefringent phases of two forms. 
(12) Supporting evidence is given in favor of the 
film theory to account for the reactions of set. 
(13) Each cement has a gypsum requirement for 
optimum retardation that is characteristic of the 
cement. (14) Calcium sulfoaluminate forms a 
series of solid solutions of high and low sulfate 
content, and the sulfate may be progressively 
replaced by hydroxyl or silicate. (15) Spectro- 
scopic methods are developed by which 8 elements 
may be determined in duplicate on 10 to 16 cements 
by one operator in one day. (16) Methods of 
electron microscopy and X-ray spectrometry show 
promise of useful application in cement research. 
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